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This work presents two new magnetic semiconducting compounds (FeSb2Se4 and MnSb2Se4), 
which are subsequently used as template for the  investigation of the effect of  electronic 
structure  engineering  of low band gap magnetic semiconductor  in the  magnetic behavior and 
the Curie ferromagnetic to paramagnetic transition temperature (Tc). The compounds were 
synthesized by solid-state reaction of the elements at moderate temperature. Both compounds are 
isostructural and crystallize in the monoclinic crystal system with space group C2/m (#12). Their 
crystal structure can be viewed as consisting of two types of building units, denoted A and B 
alternate along [001]. The unit A is built of paired rods of face-sharing monocapped trigonal 
prisms around Sb atoms alternating along the a-axis with a single chain of edge-sharing 
octahedra around the magnetic M (Fe, Mn) atoms. The unit B is a NaCl-type block separating 
adjacent units A, within which chains of edge-sharing octahedral around Sb atoms alternate 
along the a-axis with a single chain of edge-sharing octahedra around the magnetic M (Fe, Mn).  
Temperature dependent measurements of the magnetic susceptibility and electrical conductivity 
revealed that FeSb2Se4 is a high temperature p-type ferromagnetic semiconductor with an 
electrical conductivity of ~ 2 S/cm and the Curie transition temperature Tc ~ 450K, whereas a 
dominant antiferromagnetic ordering was observed in the MnSb2Se4 compound. To probe the 
effect of changes in the electronic transport properties in FeSb2Se4 and MnSb2Se4 on their 
magnetic behavior, the solid-solution series, Fe1-xSb2SnxSe4, FeSb2-xSnxSe4, MnSb2-xSnxSe4, and 
FeSb2Se4-xTex were investigated. All Fe containing compositions (except the FeSb2Se4-xTex 
series (x= 1, 2, 3 and 4) were found to be isostructural with FeSb2Se4 and showed a 
ferromagnetic ordering up to 600K with magnetic and electronic transitions at 130K,321K, 400K 
and 440K.  These transitions were found also to be related to structural changes upon heating or 
cooling from 300K. The transitions at 130K, 400K and 440K disappear with increasing 




materials exhibit large positive values of the thermopower and optical measurements revealed an 
optical band gap of 0.32eV, suggesting that the substituted FeSb2Se4 families of compounds are 
p-type narrows band gap semiconductors. Neutron diffraction data, Arrott`s plot of the magnetic 
data and magnetoresistance indicate that the long range ferromagnetic ordering present in these 
solid-solutions at low temperatures originate from interactions between localized charge carriers 
and active magnetic centers via the formation of bound magnetic polarons (BMPs). At high 
temperature, the long-range ferromagnetism in the Fe containing compounds is believed to be 
mediated by spin-polarized carriers (holes).    X-ray photoelectron spectroscopy(XPS) studies of 









 when a sufficient amount of Sb is 
substituted by Sn in FeSb2-xSnxSe4.  This XPS result is consistent with the increasing change of 
the electronic transport in FeSb2-xSnxSe4 from the semiconductor to metallic behavior upon 
addition of Sn at Sb sites. The Fe1-XSb2SnxSe4 and FeSb2-xSnxSe4 phases displayed very low 
thermal conductivity suggesting that the compounds are promising thermoelectric materials. To 
optimize the thermoelectric behavior, we performed Te doping at Se sites in the FeSb2Se4 
structure. The resulting FeSb2Se4-xTex (0  x  0.1) series l maintains unchanged crystal structure 
of the parent compound. However, the change in the chemical composition resulted in a slight 
decrease of the electrical conductivity upon increasing Te concentration.  A full substitution 
between Se and Te in FeSb2Se4-xTex (x = 1, 2, 3, 4) results to a striking change in the crystal 
structure from the monoclinic layered structure of FeSb2Se4 to the rhombohedral structure of 
FeSb2Se4-xTex. Interestingly, this change in the crystal structure resulted in a sharp increase of 
the electrical conductivity, and the magnetic behaviors were similar to that observed in the Fe1-
XSb2SnxSe4 and FeSb2-xSnxSe4. Calculation of the thermoelectric figure of merit using 
thermopower, electrical conductivity and thermal conductivity data suggest a thermoelectric 
figure of merit ZT ~0.15 was observed in FeSb2Te4 at 300K.   
 The MnSb2-xSnxSe4, phases are isostructural with FeSb2Se4 and we found the parent compound 
(MnSb2Se4) to be antiferromagnetic semiconductors with Curie-Weiss constant of -76K. Upon 
partial doping of Sn at Sb sites, ferromagnetic ordering with a very low Curie transition 
temperature of 56K was observed.  This change from antiferromagnetic to ferromagnetic 
ordering in MnSb2-xSnxSe4 (0 ≤ x ≤ 0.25) was observed for x values in the range 0.05 ≤ x ≤ 0.25 




Both FeSb2Se4 and MnSb2Se4 were found to exhibit spin dependent transport phenomena, 






















Magnetic semiconductors have regained great interest over the last two decades.
1-4
 This renewed 
interest has been motivated by the opportunities for a new generation of devices, which should 
arise from the combination of standard microelectronics with spin-dependent effects.
5,6
 Future 
information technology for instance, requires devices capable of processing and storing 
information simultaneously. Currently, these two functionalities are provided by two 
independent devices with semiconducting or magnetic properties.
4
 The denomination of 
magnetic semiconductor assumes presumably that magnetism and electronic properties are used 
simultaneously. This results to magnetoelectronic or spin electronic. This new field of condensed 
matter physics exploits the quantum properties of electron such as charge and spin.
7,8
 In 
spintronics (short name of spin electronic), electron charge and spin are both used to store and 
process a piece of information. The discovery and explanations of the spin-dependent transport 
in metallic ferromagnetic multilayered structures initiated the spintronics research leading to the 
first generation of spintronics devices in the form of a spin valve.
1,10
 It was known a longtime 
ago that under an applied magnetic field, the resistivity of the metal decreases. However, the 
magnitude of the drop was insignificant until the recent discovery of giant magnetoresistance 
(GMR) by Peter Grünberg and Albert Fert.
12,13
 They were able to observe a resistivity drop of 
about 80%, when the magnetization is saturated at 4.2 K.
13
 Since then, interest in spin-based 
electronics has been deeply investigated in terms of relationship between spin and charge, 
structure and simultaneous spin, and electronic transport properties. However, the ability to 
control charge transport has made possible to form functional devices such as transistors and 





I-Overview of Semiconductor-based electronic materials  
In semiconductor-based electronics, only the electron-charge transport is of relevance. Electron- 
spins are ignored. This is due to the fact that electron-spin in semiconductors does not have a 
specific direction and even when detected, has low magnitude. In ferromagnetic metals, electron- 
charge is ignored, while electron-spins are easily modulated.
7
 However, the first generation of 
spintronics was constructed from alternating layers of ferromagnetic metal and normal metal 
(Figure 1).
1,10,12-14
 This type of material has an advantage of providing high Curie ferromagnetic 
temperature (Tc).
14,15
 In addition, the magnetic anisotropy of these types of materials are easily 
modulated by alloying, and the synthesis route is well-established.
15
 However, the integration of    
metallic multilayer in conventional semiconductor materials is difficult because of the large 
conductance mismatch between the semiconductor and the metal.
15
  
The theory of spin current proposed to explain the change of the resistivity of metal under 
applied field also stands for materials tailored by doping a semiconductor with a magnetic atom 
such as Mn. For a semiconductor, spin current is expected to improve the magnetic properties.
15
 
In addition the new materials resulting from successful integration of magnetism into 
semiconductors  will greatly improve the semiconductor technology by allowing it to perform 
functionalities such as high data storage density, high processing speed, increased longevity of 
memory chips, and even lower power consumption.
6
     
I-1-Magnetic semiconductor  
The magnetic semiconducting property is not a new concept, since it was discovered in the 
1960’s, in materials such as EuSe, EuO, CdCr2Se4, CdCr2S4.
16,17
 These materials exhibited 
interesting exchange interactions between the itinerant electrons and localized magnetic moment.    
Since the discovery of GMR, the idea that new materials suitable for spintronic applications 
could come from magnetic semiconductors became fascinating again. However, the concept of 
spin injection in semiconductors has attracted much attention. In diluted magnetic 
semiconductors, a sizable fraction of magnetic atom (Mn, Co, Cr) are used to substitute equal 
amount of cation in conventional III-V (GaAs, InSb, GaN, InN, GaP, InP), II-VI (ZnTe, ZnO, 
ZnTe), and IV-VI based semiconductors.
3,16,18,19
 These materials exhibit a spin dependent 
coupling between localized magnetic moments and electrons in both the valence and conduction 
bands. Owing to these interexchange interactions, charge carriers (electrons or holes) can easily 




the control of the magnetization by the electric field possible, which is an important requirement 
for spin-based devices to operate and also for prospect bright future in electronic with 
multifunctional materials enable fabrication of easily portable and efficient devices. The 
integration of the magnetic elements into commercial semiconductor used in most electronics 
today is a new approach to simultaneously make use of both charge and spin of electrons. GaAs 
and  Si are the most commercialized semiconductor materials and several III-V, II-VI and IV-IV 
semiconductor have been doped with transition metals as Mn and Cr to synthesize such target 
materials. Magnetic semiconductors could be subdivided into magnetic semiconductors (MS), 
diluted magnetic semiconductors and non magnetic semiconductors.
 
Figure I- 1(A) Structure of EuSe, a magnetic semiconductor with well ordered array of the magnetic 
ion within the crystal lattice (Adapted from cif data using Diamond), picture at the top is an illustration 
of coupling and distance between spins which is regular in this case; (B) Structure of Ga1-xMnxAs with 
Mn ion  at the interstitial position and at substitutionnal  position the structure is adapted from cif data 
using Diamond, spin are randomly distributed ( top picture); (C) d
0










In magnetic semiconductors such as EuSe, CrCd2Se4 and  ZnCr2Se4, magnetic ions have a  
between the free electrons or holes in the semiconducting band and the localized electrons of the 
magnetic ions provide interesting properties. For instance, from photo-luminescence 
spectroscopy, a red shift of the band gap is observed in most of them when the ferromagnetism 
sets in.
8
 The red shift of the photo luminescence spectra is a shift of band structure from the wide 
band to the lower band. This shrinking of the band is attributed to the sp-d interaction between 
the free charge carrier in the semiconductor band and the localized magnetic moments.
8,20
 
Exchange interactions between the magnetic ions’ spins are known to be dominated by the long 
range ordering through spin polarized holes or electrons from the impurity band of the 
semiconductor
3,21-26
 Therefore, we can predict the manipulation of magnetic properties using 
optical stimuli in the devices made from magnetic semiconductors.
4,10,27
 Figure I-1A is an 
illustration of the EuSe structure, with well ordered Eu ion embedded into semiconducting 
network. The magnetic semiconductors listed above received intensive attention between 1960s 
and 1970s because of the intriguing phenomena due to the exchange interaction between the 
electron in the semiconductor band and the localized electrons at the magnetic sites.
16,17
 
However, it is a challenge to grow large crystals. Furthermore, the low Curie temperature 
displayed by these compounds, which was far below 100 K, cause to abandon interest attached 
by researchers in these materials. 
I-1-2-Diluted magnetic semiconductor (DMS) 
This is the most widely investigated class of magnetic semiconductors. Here, transition or rare 
earth metals atoms randomly replace a fraction of atoms in the host semiconductor.
8,28-34,35
 
Diluted magnetic semiconductors are based on doping of the most commercialized 
semiconducting materials such as Si, III-V, II-VI and IV-IV with magnetic impurities such as 
Mn, Cr, Fe and rare earth elements carrying unpaired spins. This in turn, transforms non-




spins in such materials are mediated by free carriers, which can be controlled by the external  
 
parameters or stimuli such as light, electric or magnetic fields.  For instance, in (InMn)As, 
ferromagnetism is suppressed when a positive voltage is applied across the sample.
11
 As depicted 
in Figure I-2, different voltages across the sample induce different magnetic behaviors. This is 
explained by the change of the carrier concentration under the applied voltage. The control of the 
magnetization direction with an applied electric field and photo-induced ferromagnetism have 
been verified, proved and featured in DMS such as (InMn)As, (GaMn)Sb and (GaMn)As.
36,11
 
This suggests that semiconductor spintronics can play a crucial role in next the generation of 
electronics, since several functionalities such as light controlled information can be developed 
within the  fabricated magnetic semiconductor devices. However, because of the concentration 
dependence of magnetization, the spin dependent transport in the DMS is not systematic. Several 
parameters such as material preparation, band structure and the position of magnetic impurities 
compared to the Fermi level account for the ferromagnetism in DMS’s. The effect of materials 
processing and synthesis on Curie temperature and on ferromagnetism is proved to be very 
complex and has made accurate modeling on the origins of ferromagnetic phenomena in most 
diluted magnetic semiconductors difficult. 
  
 
Figure I- 2: Magnetic ordering induced from voltage switch, for VG  ˃ 0 no FM ferromagnetism, for 







I-1-3- Non magnetic semiconductor 
Magnetism in most materials is determined by the number of unpaired electrons in the transition 




 with 1 ≤ n ≤ 7. The strange find of magnetism in 
HfO2 thin film with d
0
 has objected this old belief of the origin of magnetism in oxides and 
materials in general. Magnetism in HfO2 and other oxides is contingent on  upon sample 
preparation. In the case of HfO2,
11
 reported preparation shows that oxygen vacancies are created 
during the thin film growth of HfO2 leading to n-type doping of the material. The extra electrons 
from the vacancy have large dielectric constants and occupy large Bohr orbitals, and tend to form 
an impurity band with d orbitals from Hf ions. This mixture of 5d orbitals of Hf with extra 
electrons from defects lead to polarization of the impurity band and provide ferromagnetic 
coupling with large orbital contributions coming from the 5d moment electrons in  a spin-orbit 
coupled j = 3/2 state (Figure I-1C).
11
 
I-2-Origin of ferromagnetism in Magnetic semiconductor 
Classical theory of magnetism is focused on the understanding of magnetic behavior in DMS and 
MS. The classic dipole-dipole exchange interactions between magnetic moments are weaker than 
exchange coupling in DMS. The direct exchange interactions between d-d or f-f are  less 
important in DMS. These direct exchange interactions are more or less indirect via the spin 
polarization of bands.
28,37-39
 The spin polarization is produced from exchange interactions 
between the free carriers and band edge or impurity band with the magnetic ions. It is called the 
spin dependent hybridization of the magnetic impurity.
38,40,41
 If the magnetic orbitals are 
involved in the polarization process, the mechanism is known as superexchange, with dominant 
antiferromagnetic behavior (AFM).
41
 However, in the case of p-type diluted magnetic 
semiconductors the situation is quite different and ferromagnetic ordering (FM) is expected.
38
 In 
this case several mechanisms have been proposed to explain the origin of ferromagnetism in the 








I-2-1- Zener’s Model 
Zener’s model also known as double exchange model proposed by Zener
42
 in 1960s occurs in 
two magnetic ions separated by non magnetic atom. The magnetic ions involved in this 
interaction usually have different oxidation states.
38
 The electron can be transferred from a 
magnetic ion through non magnetic ion to the nearest neighboring magnetic ion. The mechanism 
of this exchange interaction is the hopping of electron from one magnetic ion to the adjacent ion.  
 
Spin in magnetic ions that are involved in such exchange interactions need to be in the same state 
(spin up or spin down) in order to favor or increase the hopping probability. This state 
corresponds to the more favorable and stable in term of kinetic energy of the system. An 






 is presented in 
the figure above. The Zener’s model was developed to explain the magnetism in the metal. This 
model was proposed for manganite, where ferromagnetism and metallicity usually come 
together. The ferromagnetic critical temperature in double exchange model is proportional to the 
density of the carriers and bandwidth, with very small values in the low density limit appropriate 
to diluted magnetic oxides. This model failed to explain the high Curie temperature of diluted 
magnetic oxides and other diluted magnetic semiconductors.
43
 
I-2-2-RKKY interaction  
Two magnetic moments embedded in a metal induce spin polarization of the conduction electron 
gas.
44,45
 This leads to indirect exchange coupling between the moments which can be extended 
over a long distance. This coupling is known as the RKKY
46-50
 (Ruderman-Kittel-Kasuya-
Yosida) interaction. The RKKY exchange interaction could be either FM or AFM, depending on 
the separation between the magnetic moments.
49,50
 In the metal, the competing exchange 
interactions between the FM and AFM ordering leads to the formation of a spin-glass. In the 
 
Figure I- 3: Double exchange mechanism via O
2-













semiconductors, the mean distance between the carriers is usually much greater than that of the 
spins.
51
. In such situations, the exchange interaction mediated by the carriers is ferromagnetic for 
most of the spin pairs.
3,43,51
 This will reduce the tendency toward the spin-glass freezing.
51
. 
Conversely to the Zener’s model, which is dominant in the metallic systems and used in the short 
range interaction, the RKKY model integrates the metallic and non metallic system as 
semiconductor. It also includes the effect of the spin-orbit interaction and the details of the 
electronic structure on the magnetic behavior.  
I-2-3- The p-d Zener’s Model 
The most recent model developed by Dietl et al
5
 based on the Zener’s
44,45
 model to explain the 
magnetism in III-V and II-VI magnetic semiconductors takes into considerations the presence of 
the delocalized band carriers mediating ferromagnetic ordering between the localized spins via 
the p-d exchange coupling. This produces the splitting of the valence band, therefore lowering 
the carriers energy. This approach is known as the mean-field approximation.  In this approach, 
the interaction of few localized spins occurs for certain minimum of delocalization length and 
carriers density. As these minimum are available, carriers and spins can mediate magnetic order.  
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Where   is the Lande factor,      represents the effective Mn concentration contributing to the 
magnetization,     is the empirical parameter accounting for the short range antiferromagnetic 
superexchange between the Mn ion mediated by the p-d exchange coupling with occupied 
electron bands. This parameter can be neglected in some compounds with dominant long-range 
FM ordering.  
The mean-field approach is based on the minimization of total free energy of the magnetization 
and is given by: 
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Where Fc[M] holes dependent contribution to the free energy and can be related to the carrier 
magnetic susceptibility      (   )
    where    is the spin density of states and    accounts 
for carrier-carrier interaction. 
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  is the coupling constant due the indirect exchange coupling. 
The Curie temperature from the mean-field with account of the free carriers is given by: 
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5,51
 
This formula shows that, the Curie temperature is proportional both to the concentration and spin 
of the magnetic ions, the density of states of the mediating holes and the square of the coupling 
constant. Also, the Curie temperature increases infinitely with the concentration of the effective 
magnetic ions, the coupling constant and the spin density of states. However, the spin frustration 
at high concentrations of the effective magnetic ions and the localization due to the strong 
exchange interaction should in reality hamper this limitless increase of the TC value from the 
mean-filed approximation. Furthermore, a large density of states at Fermi level may also result in 
a variation of the sign of the RKKY interaction. However, this theory predicts the requirement 
toward room temperature ferromagnetic semiconductors.
6,25,38,52,53
 
I-2-4- Bound magnetic polarons 
Models currently prescribed work and explain the interaction in the system perfectly where 
carriers are delocalized, but fail to predict the magnetism in the insulating regime. In this regime, 
the bound magnetic polaron concept has been used to properly describe the magnetic 
behavior.
3,5,24,54-56
 This concept speculates that,  localized carriers (holes or electrons) are 
coupled by the AFM exchange mechanism with a number of impurities within its localization 
radius, which leads to the creation of the so called bound magnetic polarons (BMP) resulting 
from the interaction between spins of the magnetic ion with quasiparticles called polarons. In 
fact, an electron in the crystal lattice for instance interacts through its electrical charge with the 
ions or atoms of the lattice and creates a local deformation of the lattice. The deformation further 




called a polaron. The BMP interacts ferromagnetically with each other in contrast with AFM 
interaction which leads to their formation. The effective radius of the polaron increases with the 
ratio of the exchange interaction and the thermal energy causing BMP to overlap at sufficiently 
low temperatures to give the FM exchange interaction between the percolated polarons (Figure I-
4).  
 
I-3-Requirements for efficient magnetic semiconductor materials 
For efficient use as spintronic materials, magnetic semiconducting materials should first be 
ferromagnetic with low carrier density.
2,53
 This will allow the magnetic properties to be 
modulated through doping. The ferromagnetic transition temperature should be above room 
temperature, which will allow the materials to be used for practical applications at room 
temperature and above. The materials should be insensitive to small magnetic impurity,
53
 in 
order to allow reproducibility. The materials should have strong magneto-optical effect to allow 
manipulation of the stored information using light or other optical stimuli.
5
 For efficient energy 
consumption, the materials ideally should have low band gap as required for many 
semiconductor technologies.
53,57,58
 Several other criteria are known, but are beyond the scope of 
this work. However, the DMS and magnetic materials obtained from spin injection are known to 
have very low Curie temperature. The actual highest Curie temperature (Tc) for Mn-doped III-V 




 In order to achieve 
room temperature Tc, Dielt et al. predicted that high Tc can be achieved in large band gap 
  








 This prediction was derived from theoretical calculation using modified 
Zener’s model of ferromagnetism, which is controlled by the exchange interaction between the 
localized spin and itinerant carriers-spin. In this calculation authors assumed the ferromagnetism 
to originate from mediating shallow hole-doping.
5,51
 This theory also predicts as described earlier 
in this work, the Tc in the Ga1-xMnxAs for instance to be dependent on the Mn concentration. 
However, recent experimental data have shown that the Tc is mostly dependent on the location of 
the Fermi level within the impurity band instead of the hole concentration.
21,59
 Moreover, since 
ferromagnetic materials with high Curie temperature were only reported for the n-type 
semiconductors
15
 according to  the theory predicted by Dielt et al., this leads to the assumption 
that the nature of  the magnetism in the materials is not only controlled by the location of the 
Fermi level but also by other parameters. For instance, experimental data from Debrowolska et 
al. has shown that material preparation affects the Mn distribution in GaAs,
21
which is a 
parameter that was not taken into account in the calculation by Dielt et al. during theoretical 
investigation.
5,51
 Another controversy is about the origin of the ferromagnetism in these 
materials.
2,52
 It is not clear if the ferromagnetism between localizes spin is mediated by the 
delocalized carriers(Intrinsic) with long range ordering to satisfying the term “dilute” in diluted 
magnetic semiconductors or is originated from magnetic cluster.  Because of these controversies 
and challenges to find the suitable ferromagnetic semiconductors, it is important to search for 
new materials, which encompass the magnetism and semiconductivity as their intrinsic 
properties.   
I-4-The Approach in this thesis 
In the previous section, various theories and models explaining ferromagnetism in magnetic 
semiconductors were elaborated. This discussion highlights the significant disparity in the 
models for ferromagnetism in magnetic semiconductors. As such, new directions for spintronic 
research must be developed in order to quell the model enigma. We approach this by suggesting 
different pathways toward spintronic research: 





- Use these new materials as template to understand the correlation between the ferromagnetism 
and semiconductivity, and requirement for both properties to co-exist with high Curie 
temperature. 
- Use these materials to understand the band structure required for ferromagnetism and 
semiconductivity to co-exist with high Curie temperature. This will enable the band gap 
engineering of most commercialized semiconducting materials when doping them with transition 
metal. 
We approach this from the bottom-up method by intentionally selecting transition metals such as 
Mn, Fe, Co or Ni which are the active magnetic centers in the final material. These elements are 
then combined with Sb, Bi, Pb, Sn or In with semiconducting character using S, Se and Te which 
are arranged in order of increasing semiconducting behavior. In this way we are able to create 
well odered magnetic semiconducting system with properties tunable from chemical 
manipulation of the sublattices.   
I-5 -Complex transition metal chalcogenide and chemistry of the chalcogenide 
The chemistry of main group of metal chalcogenide elements offers flexibility on building up 
solid state materials based on the concept of homologous series.
60,61
 This concept allows the 
prediction of crystal structure, structural dimensionality and modular classification of the 
resulting structures.
60
 Several properties on compounds obtained from this concept of 
homologous series have been investigated, and it turned out that they are good materials for 
thermoelectric, nonlinear optics, photoelectronics and solid-state electrolytes.
62-64
 In addition, 
these properties can be tuned by manipulating the modular segments describing the homologous 
series.
65
 Using these advantages of the combination of chemical and structural flexibility and the 
resulting interesting properties, the design and the investigation of multifunctional materials with 
ferromagnetism or charge carrier-induced ferromagnetism is now gaining tremendous attention. 
As a consequence, transport properties in main group metal chalcogenides are predictable, which 
is a great step towards the understanding and improvement of correlations between localized spin 
and spin-current in ferromagnetic semiconductors.  
 The ternary families of complex transition metal chalcogenides with general formula MPn2Q4 ( 




structural flexibility and connectivity, which can vary from 1D to 3D depending on the 
composition and the synthesis method. Taking advantage of these structural and compositional 
flexibilities, we have designed a new family of ternary and quaternary materials based on 3d 
transition metal elements (Mn, Fe, Co, Ni), elements from group IV (Pb, Sn), group V (Sb, Bi) 
and the chalcogenide elements such as Se and Te. Owing to this flexibility in building up solid 
state materials, the chalcogenide chemistry offers the possibility to selectively insert magnetic 
atoms into the semiconducting framework with a well ordered arrangement and systematic 
control of the interatomic distances between magnetic ions. The transport properties of the 
chalcogenide materials are very sensitive to the applied field (magnetic and electric field) and to 
the impurities as dopants. In these structures, the semiconducting unit can be isolated easily from 
the magnetic unit. Complex transition metal chalcogenides can be generated from the 
homologous series of chalcogenide compounds by either replacing a metal in the framework in 
the host material with a transition metal with the same oxidation state as the metal in the host 
material.   
We were able to synthesize and characterize several compounds exhibiting p-type 
semiconducting behavior and ferromagnetic properties with high Curie temperature. In this thesis 
we focus our attention to two ternary compounds, MnSb2Se4 and FeSb2Se4. We showed how to 
induce carrier mediated ferromagnetism in the MnSb2Se4 p-type antiferromagnetic 
semiconductor. FeSb2Se4 was found to be an intrinsic p-type ferromagnetic semiconductor with 
Curie temperature far above the room temperature. Magnetism in this compound could be altered 
upon substitutions at antimony or selenium sites. 
I-6-Thesis Motivation and outline 
My motivation in this work is to explore new magnetic semiconductor materials with spin 
dependent transport which could be used for next generation microelectronic devices. We have 
been motivated by the current challenge to understand the mechanism of ferromagnetism in 
diluted magnetic semiconductors and the current low Curie temperature (173 K) which hampers 
any application at room temperature based on the semiconducting host materials used for spin 
injection in semiconductor. We are exploring simple systems with low band gap and high Curie 
temperature with spin dependent transport in order to enable the understanding of the magnetic 




chalcogenide chemistry enables the integration of magnetic chains into its semiconducting 
framework. This could generate well-ordered magnetic sublattices within the semiconducting 
framework, which enables flexible control of the carrier density through chemical processing and 
applied fields (magnetic and electrical). 
This thesis is organized as follows: 
Chapters I and II provide background in spintronics, magnetic semiconductors and different 
theories used to understand the mechanism of magnetic ordering in semiconductors. We provide 
also the current challenges in the field of magnetic semiconductors and the most recent and 
probably the most accurate models. We clarified our choice of multinary complex transition 
metal chalcongenides as potential materials for next generation of spin-based electronic or as 
template for band gap engineering of new magnetic and diluted magnetic semiconductors. 
The chapter III to VII is a journey within different structural aspects, neutron diffraction, 
electrical transport properties, magnetic and magnetotransport properties of new ferromagnetic 
semiconductor identified as FeSb2Se4 with Curie temperature of about 440K. We report in these 
chapters the effect of temperature on the structure and magnetic properties of FeSb2Se4 and Fe1-
xSb2SnxSe4(chapter IV), the effect of  Sn  and Te doping on properties of this new materials 
(Chapter V and VI) and the last chapter of this section reports the effect of the substitution of Se 
with Te on FeSb2Se4 properties. 
Chapters VIII and IX report the new antiferromagnetic system which can be easily switched into 
a ferromagnetic system through small fraction of Sn doping in the specimen of MnSb2Se4. We 
demonstrate that this is possible only through spin-dependent transport (Spin-polarized electron 
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Synthesis methods, characterization and details of the instruments are discussed in this chapter. 
Most materials were obtained via solid state method within temperature range from 750 K to 875 
K, and were black (dark gray) polycrystalline materials, very stable in air also very stable upon 
thermal processing. 
II-1-Synthesis techniques 
II-1-1-Solid state synthesis 
Single phase polycrystalline powders of MnSb2Se4, Fe1-xSb2SnxSe4, MnSb2-xSnxSe4 and 
MnSb2Se4-xTex were obtained through solid-state reactions of the elements at moderate 
temperatures. Stoichiometric mixtures of high purity elements (99.999%, from Cerac    ), were 
roughly mixed under argon atmosphere in a dry glove box using an agate mortar with pestle and 
sealed in an evacuated quartz tube with a residual pressure of ~10
-3 
Torr. The sealed tubes were 
then placed in a furnace and the temperature was ramped to 573 K, at a rate of 48 K/h, and 
dwelled for 24 h. This first step is required to allow elements with low melting temperatures (Se, 
Sn) to react completely with other elements and to avoid any explosive reactions. The 
temperature was then ramped up to 773 K over 12 h and dwelled there for 72 h, and finally 
cooled slowly to room temperature over 48 hours. The resulting products were dark gray 
polycrystalline powders. In some cases suitable single crystals were obtained for structural and 
phase identification. Several doped samples with similar structure as MnSb2Se4 and FeSb2Se4 
were obtained when samples were doped with Sn, and new compounds with different structures 
compared with the FeSb2Se4 were obtained when Se was substituted with Te. 
II-1-2-Induction Melting 
This is a non-contact heating process, which uses a high frequency changing magnetic field to 
heat electrically conductive materials by induction. As shown in Figure II.1, a high frequency 




sample is placed inside the work coil. When current passes through the work coil, a very intense 
and rapidly changing magnetic field is generated within the coil. Since the sample is placed in 
this magnetic field, there are several things to consider. The alternating magnetic field induces a 
current flow in the conductive sample, which can be explained by considering the work coil and 
sample as an electrical transformer. The work coil can be considered as the primary coil where 
energy is given, and the sample is a single turn secondary coil that is short-circuited, causing  
 
tremendous currents to flow through the sample, which are known as eddy currents. For each 
synthesis, 5g of a stoichiometric mixture of starting materials in graphite crucible container 
properly sealed in the quartz tube are placed in a high temperature glass container inside the 
induction coil, and then RF power is supplied. The sample can be melted under a partial pressure 
under ultra-high vacuum of -0.1MPa. The operating frequency of our RF supply can be varied 0 - 
100 kHz, which provides the freedom to increase the heating temperature of the sample at a very 
slow rate. 
II-2- Characterization techniques 
Structural identification, phase purity, transport properties and magnetic properties in this work 
were measured using techniques listed in this section.  
 
 
Figure II- 1) (A) High frequency alternating current induces an intense and rapidly changing 









II-2-1-Structural, Phase Identification and Elemental Analysis 
The focus of this thesis is the design, synthesis, crystal structure and structure properties 
relationship in multinary complex transition metal chalcogenide. Because of the critical 
requirement in term of phase purity for these properties, structural identification is a crucial step 
in this work.  
II-2-1-1 X-ray diffraction (XRD)  
II-2-1-1-a-Powder X-ray diffraction (PXRD)  
To assess the phase purity of the synthesized polycrystalline powder, PXRD data were collected 
using curved graphite crystal monochromatized CuK radiation ( = 1.54056 Å) in reflection 
geometry on a Philips X-ray powder diffractometer equipped with a position sensitive 
scintillation counter and operating at 45 kV and 40 mA. The experimental X-ray diffraction 
pattern was subsequently matched with the theoretical pattern simulated using single crystal 
structure data. 
 
II-2-1-1-1-Single crystal structure refinement  
II-2-1-1-2-a-Structure refinement of MnSb2Se4 
A black needle-shape single crystal of MnSb2Se4 with approximate dimensions of 0.04 × 0.09 × 
0.25 mm
3
 was used for X-ray data collection. Intensity data were recorded at 300 K on a STOE 
Imaging Plate Diffraction System (IPDS-2T) presented in the Figure II-2 using a graphite-
monochromated MoKα radiation (λ = 0.71073 Å) and were indexed in the monoclinic crystal 
system with cell parameters a =13.076(6) Å; b =3.9651(8) Å; c =15.236(4) Å; β =115.1(1), 
which are similar to the unit cell parameters of FeSb2Se4. Therefore, atomic positions of 
FeSb2Se4 were used as starting model for the structure refinement in the space group C2/m (#12) 
using the SHELTXL package.
3
 Initially, Sb atoms were assigned to the general positions M1(4i) 
and M2(4i) located respectively in a distorted octahedral and square pyramidal coordination, 
while Mn atoms were located in special positions M3(2d) and M4(2a) with octahedral 
coordination. The refinement of this model using full-matrix least-squares techniques resulted in 
R1 = 5% with reasonable thermal parameters for all atoms except Mn4 which displayed smaller 
thermal parameters compared to those of Sb atoms. This suggested a Mn/Sb mixed occupancy at 




M1, M2 and M3 positions were also considered. The refinement of this model resulted in more 
uniform thermal parameters for all atoms and an almost neutral composition with ~5% Mn in 
each of the Sb1 and Sb2 sites, while the M3 position remained fully occupied by Mn. In the final 
refinement cycles, an electroneutrality restraint was included along with a secondary extinction 
correction and anisotropic displacement parameters for all atoms. The occupancy factors at M1, 
M2 and M4 positions were refined to the final values of M1 = 95%Sb + 5%Mn, M2 = 96%Sb + 
4%Mn, and Mn4 = 81%Mn 
+
 19%Sb leading to the final charge balanced composition 






 oxidation states for Mn, Sb and Se, respectively. 
The final assignment of Sb and Mn atoms at metal positions and the suggested oxidation state for 
Sb and Mn atoms in MnSb2Se4 are consistent with the results of bond valence sum (BVS) 
calculations (Sb1: 2.8; Sb2: 2.8; Mn3: 2.3; Mn4: 2.2). Summary of crystallographic data for 
MnSb2Se4 are given in the Table VIII-1. The atomic coordinates and isotropic displacement 
parameters of all atoms are given in Table VIII-2. Selected inter-atomic distances are gathered in 
Table VIII-3 (details on geometrical information are reported in the annex table VIII). The 
software Diamond was utilized to create the graphic representation of the crystal structure with 
an ellipsoid representation (98% probability level) for all atoms. Further details of the crystal 
structure investigation can be obtained from the Fachinformationszentrum Karlsruhe, 76344 
Eggenstein- Leopoldshafen, Germany, (fax: +49 7247 808 666; e-mail: 
crysdata@fiz.karlsruhe.de) on quoting the depository numbers CSD_421940.  
 
II-2-1-1-2-b-Structure refinement of FeSb2Se4 
A black needle-shape single crystal of FeSb2Se4 and Fe0.87Sb2Sn0.13Se4 with approximate 
dimensions of 0.04 × 0.09 × 0.25 mm
3
 was used for X-ray data collection. Intensity data were 
recorded at from 120 K to 400 K and indexed in the monoclinic crystal system with cell 
parameters a = 13.076(6)/13.069(3) Å; b = 3.9651(8)/3.9671(8) Å; c = 15.236(4)/15.192(4) Å; β 
= 115.1(1)/114.99(3)º at 120K/300K; and a = 38.2254(76) Å b = 3.9708(8) Å c = 15.1907(30) Å 
β = 111.272(30)° at 350K. The high temperature data were collected using an OXFORD 
CRYOSYSTEMS, Cryostream 700 Series as heat supplier. The structures were solved by the 
direct methods in the space group C2/m (#12) with the SHELTXL package. Initially, Sb atoms 
were assigned to the general positions M1 (4i) and M2 (4i) located respectively in a distorted 




M3 (2d) and M4 (2a) with octahedral coordination. The refinement of this model using full-
matrix least-squares technique resulted in R1 = 5% with reasonable thermal parameters for all 
atoms except Fe4 which displayed smaller thermal parameter compared to those of Sb atoms. 
This suggested a Fe/Sb mixed occupancy at the M4 position. To allow for a charge balanced 
final composition, Sb/Fe mixed occupancy at M1, M2 and M3 positions were also considered. 
The refinement of this model resulted in more uniform thermal parameters for all atoms and an 
almost neutral composition with ~4% Fe in each of the Sb1 and Sb2 sites while the M3 position 
remained fully occupied by Fe. In the final refinement cycles, an electroneutrality restraint was 
included along with a secondary extinction correction and anisotropic displacement parameters 
for all atoms. The occupancy factors at M1, M2 and M4 positions were refined to the final values 
of M1 = 96% Sb + 4% Fe, M2 = 96% Sb + 4% Fe and M4 = 86% Fe + 14% Sb, with a charge 
balanced formula of Fe0.999(1)Sb2.001(1)Se4 assuming 2+, 3+, and 2- oxidation states for Fe, 
Sb and Se respectively. The low-temperature intensity data of FeSb2Se4 were also indexed in the 
monoclinic crystal system with unit cell parameters a = 13.020(1) Å, b = 3.955(1) Å, c = 
15.180(4) Å and β = 114.90(1)
ο
. At 120 K, FeSb2Se4 was refined using atomic positions of the 
structure at 300 K as the starting model. The same procedure used to refine FeSb2Se4 at room 
temperature was also used to achieve the R-factor R1 = 1.75 % and wR2 = 4.51 % in the case of 
FeSb2Se4 at 120 K. The details for high temperature data is reported in Section IV-3. Further 
details on the crystal structure  investigation at low temperature can be obtained from the 
Fachinformationszentrum Karlsruhe, 76344 Eggenstein- Leopoldshafen, Germany, (fax: +49 
7247 808 666; e-mail:5 crysdata@fiz.karlsruhe.de) on quoting the depository numbers 
CSD_421938 (FeSb2Se4 at 300K) and CSD_421939 (FeSb2Se4 at 120K). 
 
II-3-Transport Properties Measurement 
II-3-1- Low Temperature Resistivity, Seebeck, Thermal conductivity and Hall Effect  
A rectangular-shape specimen with dimensions of 2.4 mm  2.6 mm  11 mm cut from a 96% 
dense hot pressed pellet of specimen were used for low temperature measurements of electrical 
conductivity, Seebeck coefficient and thermal conductivity. These experiments were carried out 
in our collaborator research group (Prof. Ctirad Uher’s group). Electrical resistivity (ρ) and 
thermopower (S) were measured simultaneously from 300 K to 140 K using (1) the standard 




(2) the four-probe longitudinal steady-state technique using a liquid 
4
He cryostat. In the latter 
method, samples were mounted on the cryostat and protected from excessive radiation loss by 
two radiation shields. One end of the sample was attached to a heat sink by indium solder. The 
heat sink was the cold tip of the liquid helium cryostat, and the temperature was adjusted using a 
Lakeshore 340 temperature controller. Heat input to the sample was made via a small 350 Ω 
strain gauge heater attached to the free end of the sample using varnish. The heat flow injected 
by the heater developed a temperature difference ΔT between the two points along the length of 
the sample. Fine copper (Cu) wires were selected as Seebeck / resistive probes due to their small 
resistivity and thermopower 
 
II-3-2- High Temperature Resistivity, Seebeck, Thermal Conductivity and Hall Effect  
Sample for high temperature thermal conductivity, electrical resistivity and thermopower 
measurements were obtained by consolidating polycrystalline materials under a dynamic vacuum 
of ~10
4
 Torr. Pellets were fabricated using a uniaxial hot press by simultaneously applying a 
maximum pressure of 100 MPa and a maximum temperature of 500 
o
C. The samples were placed 
into a graphite die with an inner diameter of 10 mm and then sintered under vacuum (10
-5
 Torr). 
The final working set point of pressure (100 MPa) was first reached with a ramp of 2 MPa/min, 
followed by a hold of 4 h while the temperature was still rising to 500 
o
C. The maximum 
temperature and pressure were kept for 1 h to achieve higher strengthening and good compaction 
of the pellet. The sample was then cooled to room temperature. The density of the resulting pellet 
was determined by measuring the dimensions and mass. Usually a final density of about 95% 
was obtained in most of the samples  
Thermal diffusivity data were measured using a Netzsch LFA 457 laser flash system. A 
pyroceram reference material was measured alongside each sample. Measurements were made 
under flowing N2 gas (>30 mL/min) from 300 K to 775 K at increments of 25 K. Cp values for 
thermal conductivity calculations were extracted from the laser flash data. The instrument 
precision for the thermal diffusivity data is  6%. Seebeck coefficient and electrical resistivity 
were measured simultaneously from 375 to 775 K under a low pressure of He atmosphere using 









One of the main purposes of this work is to prove the presence of polarized electron in the 
multinary complex transition metal chalcogenide. This has already been highlighted in other 
chalcogenide magnetic semiconductors.
4,5
 This is the change of the resistivity when a magnetic 
field is applied across the sample. The magnetoresistance was measured in our collaborator 
laboratories (Ctirad Uher’s group at University of Michigan and David P. Young at Louisiana 
State University). In both laboratories, the magnetoresistance were measured using the MPMS 
on hot pressed shaped with 1 mm x 1 mm x 6 mm. An applied field between of -90 KOe to 90 
KOe was used. 
 
II-3-4-The Hall Effect 
The normal hall effect of different samples has been measured using the Quantum Design 
MPMS system from low to high temperature. The Hall Effect refers to the potential difference 
(Hall voltage) on the opposite sides of an electrical conductor through which an electric current 
is flowing, created by a magnetic field applied perpendicular to the current. Bulk rectangular 
shaped specimen is mounted, and indium solder contacts are made in a hall bar configuration. 
The hall resistance is measured through a resistance bridge with 6 digit accuracy for a given 
range. From Hall Effect we have more information about the mobility (µ), the carrier 
concentration p (hole) and n (electron). In most of the samples presented we are dealing with 
hole concentration (p). 
 
II-4 -The Magnetic Properties 
The direct current (DC) magnetic susceptibilities of all specimens were investigated from 2 K to 
300 K using a Quantum Design MPMS-XL SQUID magnetometer. Approximately 50 mg of the 
as synthesized polycrystalline specimen powder materials was mounted inside a clear plastic 
straw sample holder, the magnetic moment contribution of which was subtracted from the 
combined (sample + sample holder) measurement. DC magnetic susceptibility data were 
collected using applied magnetic fields of 100 Oe and 1000 Oe. Field-dependent magnetization 




susceptibility data for FeSb2Se4 were recorded on cooling and heating (between 90 K and 150 
K), at 10 kHz and applying an AC field of 10 Oe. Isothermal magnetization measurements were 
carried out at temperatures between 2 K and 300 K in DC magnetic fields varying from 0 to 20 
kOe. AC magnetic susceptibility measurements were performed on about 40 mg – 70 mg of 
polycrystalline MnSb2-xSnxSe4. The AC susceptibility at different frequencies was collected on 
the same sample used for the DC measurements. The applied magnetic field used for the AC 
magnetic susceptibility was 0.1 Oe, and data were collected within the temperature range 
between 5 K and 100 K. Field-dependent magnetization measurements were performed at 4 K on 
the samples with x = 0.05, 0.1 and 0.15 in applied magnetic fields up to 5 kOe. Detailed for high 
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Structural-Distortion-Driven Cooperative Magnetic and 
Semiconductor-to-Insulator Transitions in Ferromagnetic FeSb2Se4. 
 
Introduction 
Transition metal compounds exhibiting spontaneous drops in magnetization are being 
investigated for use as molecular switches, sensors, and data storage devices. This phenomenon 
of magnetization change is generally associated with spin transition or spin crossover (high spin 
to low spin) induced by temperature, pressure, or irradiation, and is generally found in insulating 
antiferromagnetic oxides
1-5
 and in transition metal complexes containing 3d
n
 (4 ≤ n ≤ 7) ions, 
such as iron(II), iron(III), or cobalt(III)
3,6-12
, in octahedral or square planar coordination
2,5,9
. 
Spontaneous loss of magnetization can also be induced by other mechanisms, such as the spin 
dimerization observed in CuIr2S4,
13
 the so-called spin-Peierls transition
14-17
 observed in CuGeO3, 
and the Verwey transition
18-20
, which is commonly observed in mixed-valence transition metal 
oxides with the AB2X4 spinel or inverse spinel structures such as magnetite (Fe3O4)
21
. The loss 
of magnetization in Verwey compounds is accompanied by a metal-to-insulator transition, which 
is interpreted as resulting from long-range ordering of the mixed-valence ions within the B sites 
of the spinel structure
22
.Herein we present the observation of room-temperature ferromagnetism, 
semiconductivity, and reversible, cooperative magnetic and semiconductor-to-insulator (SI) 
transitions in FeSb2Se4. To the best of our knowledge, the coexistence of these phenomena in a 
single transition metal chalcogenide compound has not been reported to date. Despite the 
analogy of stoichiometry between FeSb2Se4 and CuIr2S4
13
 and the similarity in the formal 












)4 (magnetite), the crystal 




above is suitable for the interpretation of the phase transitions observed in the three-dimensional 
monoclinic structure of FeSb2Se4. Therefore, alternative mechanisms to explain the observed 
transitions must be explored. Because the nature of the phase transitions in FeSb2Se4 can be 
rather complex, we have tackled the problem by performing systematic investigations of 1) the 
crystal structure above and below the transition temperature, 2) the thermal evolution of unit cell 
parameters using X-ray diffraction on powder and on single-crystal samples, 3) the electrical 
resistivity, and 4) the magnetic properties across the transition temperature. 
III-1-Crystal Structure of FeSb2Se4 at 120K and 300K 
FeSb2Se4 (Experimental details is reported on section II-2-1-1-2-b) crystallizes in the monoclinic 
space group C 2m (No.12) with lattice parameters a = 13.069(3)Å, b = 3.9671(8)Å, c = 
15.192(4)Å, and β = 114.99(3)º, and it is isostructural with MnSb2S4
23
. The structure contains 
four crystallographically independent metal positions and four Se positions. All metal sites 
located at special positions (Fe(3) at (0,1/2,1/2) and Fe(4) at (0, 0, 0)) showed strong preference 
for the iron atom. The Fe(3) position is fully occupied by Fe, whereas the Fe(4) position contains  
 
some Sb in the ratio 85 %(Fe) to 15 %(Sb). Both Fe positions are coordinated by six selenium 
atoms with Fe(3) located in a distorted [2 + 4] octahedral geometry with two short axial bonds 
 
Figure III - 1 Representations of the crystal structures of FeSb2Se4 at 300K (A) and 120K (B); 
ellipsoids set at 98% probability for all atoms. To highlight the difference between the structures, a 
bond threshold of 3.12Å was used. The structure reversibly distorts from a three dimensional (3D) 
network to a two-dimensional (2D) layered structure upon cooling to 120K due to the expansion 






and four long equatorial bonds, whilst Fe(4) is found in an almost regular octahedral geometry 
with interatomic distances ranging between 2.680(2) and 2.704(1)Å as reported in the Table III-
1. In the structure, {M}Se6 octahedra (M = Fe or Fe/Sb) share edges to form one-dimensional 
chains running along the b-axis.[{Fe(4)}Se6]∞ chains are interconnected by the Sb(2) atom in a 
distorted [1 + 2 + 2 + 1] octahedral coordination of Se atoms to build a layer denoted A (Figure 
III-1-A). Likewise,[{Fe(3)}Se6]∞ chains are linked by the Sb(1) atom in a distorted [1 + 2 + 2] 
square pyramid of Se atoms to form layer B, which alternates with layer A along the c axis. 
Because of the partial Sb substitution at the Fe(4) position (0, 0, 0), the remaining Fe atoms (ca. 
15 %) are distributed almost equally in both Sb positions with the ratio of 96 %(Sb) to 4 %(Fe) 
(Table III-2). The refined formula of the compound (Table III-3) and bond valence sum 
calculations
24
 (Table III-4) indicate + 2, + 3, and − 2 oxidation states for Fe, Sb, and Se, 
respectively. 
Table III-1 : Selected inter-atomic distances (Å) in FeSb2Se4 at 300K and 120K and relative 
contraction of individual bonds. * indicates bonds showing expansion upon cooling. 
Bond 300K 120K ∆d/d0 
Sb1|Fe1—Se2 2.603(2) 2.600(1) -0.12 
Sb1|Fe1—Se3(x2) 2.731(2) 2.720(1) -0.40 
Sb1|Fe1—Se2(x2) 3.114(2) 3.109(1) -0.16 
Sb1|Fe1—Se1(x2) 3.620(2) 3.614(1) -0.17 
    
Sb2|Fe2—Se4 2.682(2) 2.669(1) -0.48 
Sb2|Fe2—Se1(x3) 2.718(2) 2.711(1) -0.26 
Sb2|Fe2—Se4(x2) 3.087(2) 3.082(1) -0.16 
Sb2|Fe2—Se3 3.118(2) 3.123(1)*  0.16 
    
Fe3—Se3(x2) 2.548(2) 2.546(1) -0.08 




    
Fe4|Sb4—Se1(x2) 2.680(2) 2.671(1) -0.34 
Fe4|Sb4—Se1(x2) 2.704(1) 2.692(1) -0.44 
 
 
Table III-2. Atomic coordinates, Wyckoff positions (W.P.), site occupancy factors (k), and 




) for all atoms in the asymmetric unit 
of FeSb2Se4 (300K/120K) 
Atom W.P k x y z Ueq 
































Fe3 2d  0 1/2 1/2 227(5)/ 
122(2) 
Sb4 2a 0.16(1)/ 
0.14(1) 
0 0 0 170(6)/ 
92(2) 
Fe4 2a 0.84(1)/ 
0.86(1) 
0 0 0 170(6)/ 
92(1) 










0.1144(6) 0.4578(8) 99(1) 
















Table III-3. Selected crystallographic data for FeSb2Se4 at 300K and 120K 
Temperature 300K 120K 
Crystal system ; space group Monoclinic ; C 2/m(#12) Monoclinic ; C 2/m(#12) 
Formula weight(g/mol) 615.19 615.19 
Density (ρcal.)(g/cm
3
) 5.72 5.76 
Lattice parameters/Å   
a = 13.069(3) Å 13.020(1) Å 
b = 3.967(1) Å 3.955(1) Å 
c = 15.192(3) Å 15.180(4) Å 
β = 114.99(3) ° 114.90(1) ° 
Volume(Å
3
) ; Z 714(1) Å
3 
; 4 709(1) Å
3 
; 4 
Crystal size (mm) 0.02x0.03x0.15 0.02x0.03x0.15 
Crystal shape, color Needle-shape ; Black Needle-shape ; Black 
Radiation/Å λ(MoKα) = 0.71073 λ(MoKα) = 0.71073 
μ/cm
-1






) +1.09 to − 0.99 + 2.10 to – 2.17 
R1(Fo>4(Fo))
a
 0.020 0.017 
wR2 (all)
b
 0.054 0.45 
GooF 1.242 1.060 
a
 R1 = ∑||F0|−|Fc||/∑|F0|  
b














Table III-4: Bond valence sums (BVS)* for FeSb2Se4 at 300K and 120K 
Atom BVS-300K BVS-120K Expected BVS Oxidation state 
Sb1 2.8 2.9 3 3+ 
Sb2 2.8 2.9 3 3+ 
Fe3 2.2 2.3 2 2+ 
Fe4 1.9 2.0 2 2+ 
































Figure III - 2 Manifestation of anisotropic lattice-distortion-driven 
magnetic and semiconductor–insulator transitions in FeSb2Se4. A) 
Field cooled (FC) and zero-field-cooled (ZFC) magnetic 
susceptibility, showing a magnetic transition at about 130K. The 
observed drop in magnetization is reversible as indicated by the AC 
magnetic susceptibility on cooling and warming (see inset in (A)). B) 
Temperature dependent electrical resistivity, showing spontaneous 
jumps at 130K and 50K. C) Thermal behavior of the unit cell 
parameters between 300 K and 20 K, showing preferential lattice 
contraction within the ab plane. ∆L/L represents the relative 
contraction of unit cell parameters a, b, c, and b as well as the unit 
cell volume V upon cooling. Open symbols: from X-ray powder 







III-2-Magnetic Properties of FeSb2Se4 
As shown in Figure III-2A, FeSb2Se4 remains ferromagnetic over the entire measured 
temperature range from 2K to 300K. The susceptibility increases slowly with decreasing 
temperature down to about 130 K, at which point a spontaneous drop on the susceptibility is 
observed. From 130 K to about 10K, the susceptibility remains almost constant, and slightly 
increases below 10 K (FC curve). Interestingly, AC magnetic susceptibility data revealed that the  
 
drop in the magnetization is recovered almost without hysteresis upon warming the sample 
through the transition temperature (Figure III-2A, inset), indicating the reversible character of the 
magnetic transition at 130K in FeSb2Se4. To further investigate the nature of the transition 
around 130K, we have carried out isothermal magnetization at various temperatures between 2K 
and 300K (Figure III-3A ; Supporting Information, Figure S1). Magnetization data at 2K shows a 
mild hysteresis with coercivity of about 700Oe, which is typical for a soft ferromagnet. The 
magnetization curve at room temperature still showed a hysteresis with a sizable coercivity of 
about 300Oe and a saturation magnetization value of about 500 emu.mol
-1
 at an applied field of 
15kOe, thus confirming the ferromagnetic behavior of FeSb2Se4 at room temperature. The 
sizable values of the magnetic susceptibility (Figure III-2A) and coercivity at 300K suggest a 
fairly high ferromagnetic ordering temperature for FeSb2Se4. Careful examination of isothermal 
 
Figure III - 3 Ferromagnetic behavior of FeSb2Se4 between 2K and 300K.A) Field-dependent 
isothermal magnetization of FeSb2Se4 measured at 2K, 100K, 250K, and 300K with applied fields of 
up to 15kOe. The ferromagnetic behavior of compound is maintained above and below the transition 
temperature (130K). b) Temperature dependence of the coercivity of FeSb2Se4, showing a 







magnetization curves around the transition temperature (Figure III-4) revealed that the hysteresis 
shape is conserved above and below the transition. Furthermore, the coercivity of FeSb2Se4 
slowly increases with decreasing temperature, drops spontaneously around 150K, and increases 
rapidly thereafter with further cooling (Figure III-3B). The above findings suggest that the 
ferromagnetism of the compound is maintained after the transition. 
III-3-Relation Structure-Magnetic Properties 
 
 
Figure III - 4 Field dependent isothermal magnetization 
of FeSb2Se4 measured at temperatures between 120 
and 160K with applied fields of up to 15kOe. The 
ferromagnetic behavior of compound is maintained 







Figure III - 5 Optical absorption spectrum of 
FeSb2Se4 measured at 300K showing a narrow energy 
band gap of ~ 0.33 eV. The observed band gap is 
consistent with the dark gray color of the 





To understand the magnetic behavior of FeSb2Se4, we have examined the coupling between spins 
located on adjacent Fe atoms using the Goodenough–Kanamori rules
25-27
. As described above, 
the geometry of the Fe(3) and Fe(4) coordination polyhedron and also the length of Fe-Se bonds 
are very different. These parameters can influence the crystal field splitting energy (Δo) and thus 
the ordering of the iron 3d
6
 orbitals, as well as the spin distribution within the orbitals. Along this 
line, the [FeSe2+4] geometry of the octahedral coordination around Fe(3) suggests a Jahn–Teller 
distortion of 3d
6














, leading to a total 
spin value of S = 2 (high spin),whilst the almost-perfect [FeSe6] configuration of the octahedral 
coordination of Fe(4) suggests an octahedral splitting of 3d
6











 corresponding to a total spin value of S = 0 (low spin). Therefore, 
the structure can be viewed as a bistable system consisting of diamagnetic layers A of Fe(4) 
atoms in a low-spin state (S =0) alternating along the c-axis with the magnetic layers B of Fe(3) 
atoms in a high-spin state (S = 2). Adjacent magnetic layers B are isolated magnetically from 
each other by the large distance of 15.192(3)Å between them. Therefore, the magnetic properties 
of FeSb2Se4 are controlled by exchange interactions between magnetic ions within layer B 
(intralayer interactions). However, [{Fe(3)}Se6]∞ chains building layer B are about 6.829(2)Å 
apart suggesting weak interchain interactions. The magnetic properties of FeSb2Se4 therefore 
depend on the nature and magnitude of 
intrachain exchange interactions between 
adjacent magnetic ions. Along the chain (b 
axis), the Fe(3)−Fe(3) distance of 3.967(2)Å 
is too long for direct magnetic exchange 
interactions between the magnetic moments 
on neighboring Fe atoms. Therefore, 
adjacent Fe(3) atoms are magnetically 
coupled via indirect exchange interactions 
through the bridging Se(2) atom. The 
observed Fe(3)−Se(2)−Fe(3) angle of 
93.6(1)8 suggests weak ferromagnetic 
coupling of spins located on adjacent Fe 




is consistent with the small values of magnetic susceptibility and magnetization measured around 
300K. 
The drop in magnetic susceptibility observed around 130K in FeSb2Se4 is accompanied by a 
sharp increase of the electrical resistivity (semiconductor–insulator transition) at about the same 
temperature. As shown in Figure III-2B and Figure III-5, FeSb2Se4 at room temperature is a 
narrow band gap semiconductor with electrical resistivity of 0.16 Ω.m and an optical band gap of 
0.33 eV. The electrical resistivity initially increases slowly with decreasing temperature down to 
about 130 K, after which a rapid increase by an order of magnitude is observed. As the 
temperature decreases further, a sharper jump by four orders of magnitude in the resistivity 
occurs around 50 K and an out of- range resistivity (> 10kΩ.m) is reached below 35K (Figure 
III-2B ). The sharp increase in the electrical resistivity of FeSb2Se4 suggests a semiconductor-to-
insulator (SI) transition. The observed simultaneous change in the magnetic susceptibility and 
electrical resistivity around 
130K suggests that both 
transition processes in 
FeSb2Se4 are induced by the 
same driving force. 
To understand the nature and 
the origin of the transitions in 
the magnetic susceptibility and 
electrical resistivity data and to 
examine the possibility of a 
structural phase change that 
may be responsible for these 
transitions, we carried out X-
ray diffraction experiments on 
powder (XRPD) and on a 
single crystal at temperatures 
between 20K and 300K and 
have determined the thermal 
 
 
Figure III - 6 Selected X-ray diffraction patterns of polycrystalline 
FeSb2Se4 powder measured at various temperatures between 20 and 
300K, compared with the theoretical pattern calculated from single 
crystal structure data at 300K. No appearance/disappearance of small 
peaks or peak splitting which would suggest breaking of symmetry 








evolution of the lattice parameters. Furthermore, we have also performed the structure 
determination of FeSb2Se4 at 120K (below the transition at 130K). The powder diffraction 
patterns were recorded on heating and on cooling and all peaks were indexed with the 
monoclinic structure of FeSb2Se4. No appearance disappearance of small peaks or peak splitting 
that would suggest breaking of symmetry could be detected above the XRD background (Figure 
III-6). The refinement of the unit cell parameters at various temperatures reveals fast contraction 
of the a and b parameters upon cooling (Figure III-2C), whilst the c parameter and b angle first 
expand and then contract slowly with decreasing temperature. This effect suggests an increase in 
the strength of anisotropic distortion of the unit cell parameters with decreasing temperature. 
Similar thermal evolution of the unit cell parameters was also observed on single-crystal data 
(Figure III-2C). The observed anisotropic lattice distortion in FeSb2Se4 is reversible without 
hysteresis upon heating. The absence of symmetry breaking upon cooling suggests that the 
transition observed around 130 K in the magnetic and resistivity data of FeSb2Se4 does not 
induce major structural changes. 
The structure of FeSb2Se4 at 120K was determined using the same single crystal employed for 
the structure determination at 300K. Analysis of diffraction data indicated no change in the 
crystal symmetry (monoclinic space group C2m), and the contraction of unit cell parameters is 
consistent with XRPD results (Table III-3). The structure at 120K was refined using structural 
parameters of FeSb2Se4 obtained at 300K as the starting model. The overall quality of the fit was 
excellent (Table III-3), and indicates that no major structural changes occur upon cooling 
through the transition temperature. The refined structure of FeSb2Se4 at 120K and 300K drawn 
using a M−Se (M = Fe, Sb) bond threshold of 3.12Å (longest Sb-Se bond at 300K) are compared 
in Figure I. To detect structural differences that might provide some insights on the origin and 
the underlying mechanism of the observed magnetic and SI transitions, we have carefully 
analyzed the variation of chemical bonding within the structure of FeSb2Se4 upon cooling below 
the transition temperature at 130K (Table III-1). The direct consequence of the strong 
preferential contraction of the a and b parameters upon cooling through the transition 
temperature is the sharp decrease in the length of all interatomic bonds parallel to the ab plane, 
whilst interatomic bonds parallel to the c axis only showed marginal contraction. The strong 
preferential contraction within the ab plane induces an anomalous expansion of the equatorial 




In heavy main group metal chalcogenides with a high degree of covalency, such as the FeSb2Se4 
phase, the balance of short- and long-range interactions is strongly related to the electronic 
subsystem. Therefore, a small change in the lattice parameters could disturb the electronic 
subsystem, inducing the spontaneous changes in the electrical resistivity observed in FeSb2Se4. 
For instance, careful examination of the structures of FeSb2Se4 above and below the transition 
temperature of 130K showed that the preferential contraction within the ab plane causes the 
weakening (electronically) of the connectivity between layers A and B (Sb(2)-Se(3)) leading to a 
distortion of the structure from the three-dimensional (3D) network (Figure III-1A) to a two-
dimensional (2D) layered structure (Figure III-1B). This reduction of dimensionality from 3D to 
2D is believed to be responsible for the fast increase in the electrical resistivity observed around 
130K (Figure III-2B). The weakening of the Sb(2)-Se(3) bond presumably increases the band 
gap of the material, which translates into an increase in the electrical resistivity. As the structure 
continues to distort upon cooling (increasing the Δc/c to Δa/a ratio; Figure III-2C), we anticipate 
further increases in the length of the Sb(2) − Se(3) bond, leading to a larger gap between layers 
A and B. This mechanism is consistent with the sharp increase in electrical resistivity observed 
below 50K.  
As discussed above, the magnetic behavior of FeSb2Se4 is controlled by indirect exchange 
interactions between adjacent Fe(3) atoms within individual chains building layer B. The nature 
and magnitude of the indirect magnetic exchange interactions strongly depend on the Fe(3)-Se(2) 
− Fe(3) angle
25-27
. In FeSb2Se4, the observed preferential contraction within the ab plane causes 
the Fe(3)-Se(2)−Fe(3) angle to increase slightly (from 93.6(1)Å at 300K to 93.8(1)Å at 120K). 
This increase of angle favors antiferromagnetic coupling of spins located on adjacent Fe atoms in 
an individual chain at the expense of weak ferromagnetic interactions, resulting in the observed 
drop in the magnitude of the magnetic susceptibility below 130K. The driving force behind the 
anisotropic lattice contraction (Figure III-2C) in FeSb2Se4 upon cooling, which leads to the 
observed complex and reversible ordering pattern is yet to be understood. However, by looking 
carefully at the geometry of the {Sb(2)}Se6 octahedron bridging layers A and B, we can see that 
the Sb(2) − Se(3) bond expands (rather than contracting) on cooling below the transition at 
130K. Therefore, we can speculate that the stereoactivity of the Sb 5S
2
 lone pair, which is 
manifested by the expansion of the Sb(2) − Se(3) axial bond (parallel to the c axis) is a possible 




the volume of the {Sb(2)}Se6 octahedron near 300K is the critical size for the stability of Sb 5S
2
 
lone pair and further contraction upon cooling is opposed by an increased stereoactivity of the 
lone pair. This mechanism is consistent with the observed increase in the degree of lattice 
distortion in FeSb2Se4 at temperatures below the transition. 
Conclusion 
In summary, we have found that the most interesting feature of the FeSb2Se4 phase is the 
coexistence of room temperature ferromagnetism and semiconductivity, with a remarkable 
interplay between reversible magnetic ordering phenomena and semiconductor-to-insulator (SI) 
transition upon cooling. The observed cooperative magnetic and SI transitions in FeSb2Se4 are 
driven by local isostructural distortions arising from the preferential lattice contraction within the 
ab plane. Such a cooperative transition, to our knowledge, has no precedent in pure inorganic 
materials and represents a significant increase in the level of complexity with respect to known 
phase transitions. The sizable difference between the magnetic susceptibility and electrical 
resistivity of FeSb2Se4 above and below the transition of 130K shows great promise for 
application as highly sensitive temperature sensors through the detection of change in the 
intensity of magnetic and/or electrical responses. Furthermore, the high chemical and thermal 
stability of FeSb2Se4 are favorable for processing into molecular-based devices. It is also 
interesting to note the stability of the monoclinic structure throughout the anisotropic 
contraction, which points to the exciting prospect of inducing similar magnetic and SI transitions 
around room temperature by stretching the material along the c axis or through application of 
weak pressure perpendicular to ac and/ or bc planes. It would be interesting to investigate these 
points experimentally. Another important feature of the FeSb2Se4 phase is the bistability of Fe 
atoms in the structure where layers of Fe(3) atoms (layer B) in high-spin state (S = 2) and Fe(4) 
atoms (layer A) in low-spin state (S = 0) alternate along the c axis. This unique feature could 
provide a new degree of flexibility and control to the design of next generation molecular 
memory
7,8,12,28
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On the nature of high temperature ferromagnetism in the p-type 
FeSb2Se4 narrow band gap semiconductor 
 
Introduction 
The prospect of magnetic semiconductors with a high Curie temperature for new spin-based 
electronic devices reactivated research interest on these materials.
1,2
 Materials in which spins and 
charge properties coexist provide tremendous features from both fundamental and technological 
perspective.
3-5
 This fundamental aspect, viewed as the cornerstone to boost the search for ideal 
magnetic semiconductors with tunable ferromagnetic behavior, has revealed interestingly strong 
correlation between the charge from the semiconductor and the spin of the local magnetic 
moment.
2,6-17
 However, the low Curie temperature exhibited by the early members of magnetic 
semiconductors (for example, HgCr2Se4, HgCr2S4, CdCr2S4, EuSe and EuS) has restricted 
applications and investigations in these compounds.
18-20
 Recently, the possibility of controlling 
the ferromagnetic interactions between localized spins by the carriers through spin injection into 
a normal semiconductor revived the interest in magnetic semiconductors.
5,8,21-24
 The literature in 
the last two decades is well-furnished with interesting properties from diluted magnetic 
semiconductors (DMSs) and diluted magnetic oxides (DMOs) such as Mn-doped IV-VI, III-V, 
II-VI and n-type oxides with general formula A1-xMx On-δ(n = 1or 2).
4,21,25
 In this formula, A, M 
and delta represent the non-magnetic cation, the magnetic cation and the defect concentration 
respectively. Investigations on these DMSs and DMOs have raised several questions on the origin 
of ferromagnetism and the mechanism of magnetic exchange interaction. One of the most 
debated questions is related to the origin of ferromagnetism in the MSs which is can either 
originate from direct exchange interactions between the local magnetic moments of the magnetic 
impurity or be related to the indirect exchange coupling between the charge carriers and the local 




electronics because of the spin-polarized transport expected in some materials with this type of 
correlation (spin of the carrier and spin of local magnetic moment). In addition, the explanation 
of high Curie temperatures observed in several magnetic semiconductors materials use theories 





 model and Dilet’s
32
 model, which all consider the contribution of free 
carriers’ spins on the magnetic exchange coupling within the magnetic semiconductor. However, 
the Zener model was found to be incompatible in the case of magnetic semiconductors but 
suitable to describe well the magnetism in the metal.
26,27
 Therefore, Zener’s model was revised 
according to the two last models to explain the exchange interaction in magnetic semiconductors 
and DMS’s where free carriers can mediate or induce ferromagnetism. The most recent 
assumption to understand the plausible high Curie temperature in MSs considers carriers to be 
either localized or delocalized depending on the temperature. In the case of the localized carrier, 
a collective magnetic ordering is observed at low temperature and the ferromagnetism result 
from the coupling of the 3d magnetic moment of the transition metal with the donors (electrons) 
or acceptors (holes) forming bound magnetic polaron (BMP).
9,10,12,33,34
 Because of the thermal 
activation of the acceptors or donors impurities, delocalized charges interact with the spin of the 
magnetic ion through the spin polarized electrons or holes and  this is also possible at high 
temperature. Therefore, the spin polarized electron or hole and the BMP could be two 
complementary mechanisms to explain and anticipate the behavior of particular MS with high 
Curie temperature as recently reported by Calderón et al.
21
 
Multinary chalcogenide compounds have been reported as potential multifunctional materials 
able to provide several physical properties such as thermoelectrics, nonlinear optics, 
photoelectronics, and solid-state electrolytes.
35-37
 This is mainly because of the structure 
flexibility of this class of compounds. This structural flexibility can allow sizable integration of 
magnetic elements into specific homologous series, therefore turning nonmagnetic materials into 
magnetic materials with low symmetry.
37,38
 Consequently, the chalcogenide compounds can also 
be used as basic materials for spin-based electronics or to understand the origin of complex and 
interesting physical properties observed in MSs.
24
 The advantages of this new family of 
compounds as compared to classical DMSs and DMOs range from their low dimensionality to 
their low symmetry, in addition to the well-ordered solid structure and well-defined site 





Figure IV- 1: X-ray powder diffraction calculated (red) 
and experimental (x = 0, 0.13) of Fe1-xSb2SnxSe4 at 300K. 
Perfect matching is observed between the experimental 





ferromagnetic semiconductors based on metal complex chalcogenide with interesting magnetic 
and transport properties.
37-40
 So far, the origin of ferromagnetism at high temperature exhibited 
in most of these materials was not gaining attention and it turns out to be relevant to understand 
fundamentally the electronic structure of the ideal ferromagnetic semiconductor with high Tc.   
Here, we report the nature and the origin of the ferromagnetic ordering in Fe1-xSb2SnxSe4(x = 0 
and 0.13), a narrow band gap magnetic semiconductor. We demonstrate that in Fe1-xSb2SnxSe4, 
despite the dominant AFM ordering from superexchange along the b-axis and spin frustration 
from magnetic sub-lattice in their structures, the manifestation of ferromagnetic behavior 
observed above room temperature could originate from complementary collective magnetic 
ordering of bound magnetic polarons at low temperatures and  mediation by spin-polarized hole 
at high temperatures.        
IV-1-Experimental 
IV-1-1-Synthesis of Fe1-xSnxSb2Se4 (x = 0, 0.13) 
The compounds were obtained from solid-state reaction of a mixture of high purity elements (Fe, 
Sb, Se and Sn 99.999%, from Cerac) 
that were used as purchased. The 
elements were thoroughly mixed under 
argon atmosphere using mortar and 
pestle and sealed in evacuated quartz 
tube under residual pressure of ~10
-3 
Torr. All sample mixtures were then 
placed in the furnace with temperature 
heating rate of 48K/h to 573K. The 
reaction was kept at this temperature for 
24h. This first step is required to allow 
low melting elements (Se) to react 
completely with other elements and to 
avoid any explosive reactions. The 
temperature was then ramped up to 773K over 12h, dwelled for 72h, and finally cooled slowly to 




IV-1-2-X-ray diffraction, neutron diffraction, phase identification of Fe1-xSnxSb2Se4 (x= 0, 
0.13) 
IV-1-2-1- X-ray powder diffraction 
X-ray powder diffraction (X D) data were recorded on a Philips X’Pert system equipped with a 
curved graphite monochromator and Cu K radiation ( = 1.5418 Å). Standard X-ray data were 
collected in a step-scanning mode with a 0.02 step width and 10s count time in the 2θ range of 
15-75
○
 (Figure IV-1).  
IV-1-2-2-Single crystal X-ray diffraction of Fe0.87Sb2Sn0.13Se4  
A black needle-shaped crystal of Fe0.87Sb2Sn0.13Se4 was mounted on glass fibers with epoxy and 
intensity data were collected at 120K, 300K, 350K and 400K on STOE IPDS-2T diffractometer. 
Intensity data were recorded using graphite monochromatized CuKα radiation (λ = 
1.5418Å).Temperatures were controlled using an OXFORD CRYOSYSTEMS, Cryostream 700 
Series as heat supplier with temperature ramping rate of 50K/h. Intensity data at low and high 
temperatures were indexed in monoclinic crystal system with unit cell parameters: a = 
13.037(3)/13.083(3)/38.243(8)/27.543(6)Å,  b = 3.9599(8)/3.9723(8)/3.9727(8)/3.980(8)Å, c = 
15.171(3)/15.171(3)/15.174(3)/26.22(5)Å  and  β = 114.67(3)/114.78(3)/111.21(3)
o
/90.72(3)  for 
the structures at 120K, 300K,  350K and 400K, respectively. These structures were refined using 
the SHELTXL package 
41
 
Intensity data  at 120K, 300K and 350K were indexed in the space group C 2/m (No.12); while at 
400K the space group changes to C 2/c (No.15). The structures at 120K and 300K were refined 
using the structure model of FeSb2Se4.
40
 The structure solution at 350K (space group C 2/m) 
revealed 10 metal positions and 12 selenium atom positions. The first refinement cycle revealed 
that, Sb1, Sb2 and Sb3 atoms were located in the distorted octahedral positions while the Sb4, 
Sb5 and Sb6 were located in the distorted square pyramidal positions. All Fe positions identified 
as Fe1(2d), Fe2(4i), Fe3(2a) and Fe4(4i) were located in the octahedral distorted environment. 
The refinement of this model gave an unweighted residual factor R1~14%. In the model obtained 
from this first refinement with the starting composition FeSb1.80Sn0.2Se4, the thermal parameters 
of Fe1 and Fe2 was slightly lower compared to the average value in all other positions. This 
suggests a mixed occupancy of the Fe atom in these positions with heavy atoms. These positions 
were then mixed with Sn to respect the charge balance in the final composition. Refinement of 




all atoms and the value of R1 dropped to 6.55%. The refinement of this model with a secondary 
extinction correction and anisotropy displacement for all atoms gave the final composition 
Fe0.866Sb2Sn0.134Se4 with R1~4.40%. Similarly, the structure refinement at 400K revealed 7 metal 
positions where Sb1(8f) and Sb2(8f) were all in distorted octahedral positions; Sb3(8f) and 
Sb4(8f) were in the square pyramidal positions; Fe atoms Fe5(8f), Fe6(4e) and Fe7(4b) were in 
the distorted octahedral positions. The same procedure as described above for the structure at 
350K resulted with the final R1~3.25% and final composition Fe0.866Sb2Sn0.134Se4 as observed in 
the structure refined in all other temperatures. The atomic coordinates of the magnetic atoms at 
different temperatures (between 120K-400K) are given in the Table IV-1 and the interatomic 
distances around magnetic atoms are presented in Table IV-2. All other information on the 
geometrical and atomic thermal parameters can be found in the annex Tables IV. The graphical 
representations of the  structures were created using Diamond software 
42
 are depicted in Figure 
IV-4. 
IV-1-3-Magnetic Properties Measurements  
Direct current (DC) magnetic susceptibility measurements were performed on 40mg of 
polycrystalline Fe1-xSnxSb2Se4 powder using a Superconducting Quantum Interference Device 
(SQUID). DC susceptibility data in field-cooled (FC) and zero-field-cooled (ZFC) modes were 
recorded from 2K to 300K with an applied magnetic field of 100Oe for low temperature 
measurement, and from 300K to 600K for high temperature measurements. For the high 
temperature data, the polycrystalline sample was carefully enclosed in a pure aluminum foil 
(99.999% from Alfa Aesar).  This sample as prepared was attached on the regular SQUID rod 









Table IV-1: Atomic coordinates, Wyckoff positions (W.P), site occupancy factors (k) and 




) for all magnetic atoms in the 
asymmetric unit of Fe0.87Sb2Sn0.13Se4 (120K-400K).(All other informations are reported in 
Annex ) 






























Fe1/Sn1 0.74/0.266 2a 0 0 0 185(6) 





Fe1/Sn1 0.7/0.3 2c 1/2 -1/2 1/2 226(8) 
Fe2/Sn2 0.72/0.28 4i 0.3334(2) 0 0.1666(4) 218(1) 
Fe3 1 2b 1/2 0 0 229(2) 
Fe4 1 4i 0.3332(2) -1/2 0.6669(5) 214(1) 
 
 
Fe/Sn1 0.72/0.28 8f 0.2504(9) 0 0.3752(9) 258(8) 




400K Fe3 1 4a 0 0 1/2 252(7) 
Ueq is defined as one-third of the trace of the orthogonalized Uij tensor 
Table IV-2: Selected inter-atomic distances (Å) around the magnetic Fe atom in 
Fe0.87Sb2Sn0.13Se4 at 120K, 300K, 350K and 400K. 
Bond 120K Bond 300K 
Fe1|Sn1−Se2(x 2) 2.6768(7) Fe1|Sn1−Se2(x 2) 2.6831(8) 
Fe1|Sn1−Se3(x 4) 2.6913(3) Fe1|Sn1−Se1(x 4) 2.7033(6) 
Fe2−Se1(x 4) 2.7043(5) Fe2−Se1(x 4) 2.7169(5) 
Fe2−Se4(x 2) 2.5633(1) Fe2−Se3(x 2) 2.5631(1) 
Bond 350K Bond 350K 
Fe1|Sn1−Se9(x 2) 2.680(5) Fe2|Sn2−Se8 2.698(8) 
Fe1|Sn1−Se6(x 4) 2.701(3) Fe2|Sn2−Se7(x 2) 2.708(5) 
Fe2|Sn2−Se4(x 2) 2.707(5) Fe3−Se10(x 2) 2.553(4) 
Fe2|Sn2−Se5 2.673(8) Fe3−Se2(x 4) 2.716(3) 
Fe4 −Se12 2.565(8) Fe4−Se1 (x 2) 2.718(6) 
Fe4 –Se11 2.568(9) Fe4−Se3(x 3) 2.723(3) 




Fe1|Sn1−Se5 2.696(5) Fe3–Se1(x 2) 2.728(4) 
Fe1|Sn1−Se4
ii




Fe1|Sn1−Se3 2.709(6) Fe2−Se8(x 2) 2.564(2) 
Fe1|Sn1−Se4 2.713(6) Fe2−Se2 (x 2) 2.715(8) 
Fe2−Se2
iii
 2.734(8) Fe2−Se2 2.734(8) 
IV-1-4-Transport Properties Measurements 
The electrical resistivity and magneto-resistance were measured from 300K down to 50K, using 
the standard four-probe method on a Quantum Design Physical Property Measurement System 
(PPMS) and using high density (97%) hot pressed bar shape samples with average sizes 1 x 1 x 
2mm.  
IV-2-Results and Discussion 
IV-2-1 Phase Purity and Structural Identification 
All samples with nominal composition FeSb2Se4 and Fe0.87Sb2Sn0.13Se4 synthesized in several 
batches under identical conditions using the method described above resulted in single phase 
product. Further annealing was always required to improve the crystallinity of the phases. 
Obtaining large crystals for anisotropy studies and understanding of quantum phenomena 
responsible for the observed properties is in progress. The Figure IV-1 shows experimental and 
the simulated X-ray powder diffraction pattern of FeSb2Se4 and Fe0.87Sb2Sn0.13Se4 obtained from 
the crystal structure refinement at 300K. The neutron powder diffraction patterns of FeSb2Se4 at 
different temperatures are presented in Figure IV-2. Each experimental pattern at a specific 
temperature is associated with the corresponding nuclear structure model used for refinement. 
Perfect match is observed between the experimental and the calculated pattern confirming the 
phase purity of at least 95%, of the material. An attempt to refine the neutron diffraction data of 
FeSb2Se4 collected above 300K using the structural model at 300K turned out to be unsuccessful, 
suggesting a possible structural change upon heating the material. This change in the structure of 
FeSb2Se4 was observed on the temperature dependent magnetization as depicted on the Figure 
IV-5 and is consistent with magnetic phase transitions observed at different temperature range. 
An extra peak was observed at 2θ ~ 85 on neutron diffraction pattern in all selected 
experimental temperatures. This peak was absent in the experiment powder diffraction and 
calculated patterns of the nuclear phases presented in the Figure IV-1. The origin of that peak in 




powder diffraction suggests that ferromagnetic ordering is dominant at all measured temperature 
ranges in this compound. X-ray diffraction experiments were performed on single-crystal 
specimens of FeSb2Se4 and Fe0.87Sb2Sn0.13Se4 at temperatures between 120K and 400 K to 
understand the relationships between the change in the magnetic behavior and the crystal 
structure. The temperatures were selected within the different magnetic phase transition 







Figure IV- 2: Neutron diffraction of FeSb2Se4 at different temperatures refined using the nuclear structure of 
FeSb2Se4 solved at 120K, 300K, 350K and 400K. Perfect agreement is observed between the calculated pattern of 
the nuclear phase and the neutron experimental pattern. Each experimental pattern is associated with the 








IV-2-2-Crystal structure of Fe0.87Sb2Sn0.13Se4 (120K-400K) 
Fe0.87Sb2Sn0.13Se4 is isostructural with FeSb2Se4 at low temperatures (120K to 300K) and adopts 
the monoclinic space group C 2m (No.12) with lattice parameter a = 13.037(3)/13.083(3)Å b = 




 at   120K and 300K 
respectively. At a constant temperature, the lattice parameters of Fe0.87Sb2Sn0.13Se4 are slightly 
larger along the a- and b-axis compared to that of FeSb2Se4. However, the structural distortion of 
Fe0.87Sb2Sn0.13Se4 upon cooling keeps the c-axis constant while all other cell parameters decrease 





 at 300K). Four crystallographically independent metal positions and four 
Se are identified for each temperature. The Sb(1) and Sb(2) sites are fully occupied by Sb. The 
special position Fe(1) located at (0, ½, ½)  contains 25.95% Sn while the Fe(2) at (0,0,0) is fully 
occupied by the Fe. Fe(1) and Fe(2) are coordinated with six Se atoms in a distorted [2+4] 
octahedral geometry with two axial bonds and four long equatorial bonds. The interatomic 
distances around the magnetic atoms are ranging between 2.5631(1) and 2.7169(5)Å. The shape 
of the octahedron around Fe(2) is almost regular compared to the more distorted shape of the 
octahedron around Fe(1). The difference in the shape of octahedra around Fe(1) and Fe(2)   plays 
a key role in the magnetic behavior of Fe0.87Sb2Sn0.13Se4. [{Fe}Se6]∞ chains along the b-axis are 
similarly connected as in FeSb2Se4 to build a one dimensional magnetic chain, which are 
interconnected along the a-axis through Sb atoms in a [1+2+2+1] distorted octahedral 
coordination. Upon heating the crystal up to 350K, the structure of Fe0.87Sb2Sn0.13Se4 undergoes 
a drastic expansion of about Δa/a = 192% along the a-axis resulting in overall volume expansion 
of ~200%. This corresponds to the tripling of the unit cell volume when compared to the 
structure at 300K. This increase in the a-axis and unit cell volume is followed by a 3% 
contraction of β (111.21)
 o
 when compared to the value at room temperature (114.78
o
). The 
intensity data at 350K was indexed in the monoclinic crystal system with space group C2/m 
(No.12). The unit cell parameters were a = 38.243(8) Å; b = 3.9727(8) Å; c = 15.174(3) Å; β = 
111.21
 o
. The structure at 350K shows four independent magnetic atomic positions.  The two 
general positions 4i are occupied by Fe2/Sn2 and Fe4, while the remaining two special positions 
2b and 2c are occupied by Fe3 and Fe1/Sn1, respectively. Fe1/Sn1 and Fe3 atoms are located in 
a [2+4] distorted octahedral coordination with bond length ranging between 2.553(4)Å and 




bond length ranging between 2.564(8)Å and 2.729(7)Å. Infinite chains of octahedra that are built 
around the Fe1/Sn1 and Fe2/Sn2 are connected with face-sharing distorted [1+2+2+1] octahedra 
around Sb2 and Sb4, to form an infinite 2D magnetic layer denoted with A running parallel to 
the (201) plane.  The distance between magnetic chains within layer A was found to be about 
6.8450(6)Å, which is close enough to induce exchange coupling between these magnetic centers.  
Similarly,  the 2D layer, denoted B, is formed from the infinite chains of octahedra around Fe3 
and Fe4 , which are  6.8391(8) Å apart, and interconnected by face-sharing [1+2+2] distorted 
square pyramid around Sb4, Sb5 and Sb6 with Sb-Se bond distances ranging from 2.6113(8)Å to 
2.7433(4)Å. Both layers (A and B) are separated by 7.66(1)Å.  
Further increase of the temperature to 400K resulted in additional change in the crystal structure 
of Fe0.87Sb2Sn0.13Se4. Intensity data at 400K was indexed in the monoclinic crystal system and 
can be described as a 2a x b x 2c superstructure of the structure at 300K. The expansion 
observed along a and c-axis with Δa/a = 53% and Δc/c = 42% leads to  approximately ΔV/V = 





 representing a relative change of 21%   compared to the value at room 
temperature. The intensity data was indexed in the monoclinic crystal system with space group 
C2/c (#15) and unit cell parameters a = 27.543(6) Å; b = 3.9800(8) Å; c = 26.220(5)Å. The 
observed increase in the crystal symmetry led to a reduction in the number of 
crystallographically independent magnetic atoms in the structure of Fe0.87Sb2Sn0.13Se4 at 400K. 
Three independent positions were identified (see Table IV-1), with the special position 4a 
occupied by the Fe3 atom, whereas the general positions 4e and 8f are occupied by Fe2 and 
Fe1/Sn1, respectively. The octahedron around Fe1/Sn1 is distorted in a [1+2+2+1] geometry 
with bonds length ranging from 2.677(5)Å to 2.713(6)Å, while Fe2 and Fe3 are located in a 
distorted  [2+2+2]  octahedral with bond length between 2.564(2)Å and 2.734(8)Å. This suggests 
that the slight change on the susceptibility might originate from special distortion of the 
coordination polyhedra around the magnetic atoms. In fact, Fe1/Sn1 and Fe3 at 350K showed a 
Jahn-Teller type distortion, which may be enough to induce difference in magnetic ordering at 














Figure IV- 3: Effect of temperature on structure and magnetic properties of Fe1-xSnxSb2Se4, (A) the structure at 300K, (B) the structure at 120K, (C) 
the structure at 350K, (D) the structure at 400K. Changes in the crystal structure can be correlated to magnetic phase change as observed at 120K, 








Figure IV- 4: Conductivity as function of temperature of FeSb2Se4 showing the conductivity 
increasing with temperature, (B) temperature dependent Seebeck coefficient with large positive 
value of Seebeck coefficient,(C) Arrhenius plot of the logarithmic conductivity versus inverse 
temperature showing activation energy, Ea = 0.05eV; (D) The magnetoresitance of FeSb2Se4 at 




Such magnetic sub-lattices are expected to impact the magnetic behavior of FeSb2Se4 and 
Fe0.87Sb2Sn0.13Se4 
IV-2-3- Electronic Transport and Optical Properties of Fe1-xSnxSb2Se4 (x= 0, 0.13) 
 
 
Figure IV-5 shows the temperature dependent electrical conductivity of FeSb2Se4. The 
conductivity increases with increasing temperature over the entire temperature range, which is 
characteristic of a semiconducting behavior. The electronic behavior of this compound is 
dominated by the thermally activated charge carriers across the band gap and shows (Figure IV-
Figure III-4: Fe0.87Sb2Sn0.13Se4 structures: (A) 120K showing 3D structure maintained upon cooling; (B) 300K highlighting the 
semiconducting unit and different distances separating different [{Fe}Se6]∞ magnetic chains, different layer of the structure are also 




5C) two regions depicting different regimes of the transport properties. The low temperature 
regime follows the Arrhenius equation ρ = ρ0exp(Ea/kT), where Ea is the binding or activation 
energy and was found to be about 0.05eV. The high temperature region corresponding to the 
intrinsic regime gave the electronic energy gap of 0.11eV from the relation ρ = ρ0exp(Eg/2kT), 
where Eg is the energy band gap. This value is twice the activation energy of the extrinsic regime 
(low temperature region). The temperature dependent Seebeck coefficient depicts in Figure IV-
5B shows decreasing values of the Seebeck with increasing temperature from 430µV/K at 50K 
to 225µV/K at 300K. These positive values indicate that holes are the majority charge carrier in 
this material. The ferromagnetic behavior of this material in addition to the high resistivity 
observed make the Hall Effect measurement complicated. However, the change on carrier 
concentration could be accessed qualitatively from temperature dependent Seebeck 






where kB is the Boltzmann’s constant, m* the effective mass, p the carrier concentration and h 
the Planck’s constant. This expression shows that as we increase the carrier concentration, the 
Seebeck coefficient will decrease. The observed change on the Seebeck coefficient is consistent 
with the behavior of intrinsic semiconductor, since the carrier concentration increases with 
increasing temperature.  
Figure IV-5D represents the resistivity change under applied field or magnetoresistance (MR) for 
FeSb2Se4 at different temperatures. Regardless of the temperature, the MR is field dependent 
with a maximum relative change of 2.5% at 200 K under applied field of 90 KOe. However, a 
positive MR was observed at 50 K in all range of magnetic field, while at temperature greater 
than 50 K, a negative MR is observed and monotonically increases with the increasing field. This 
difference on the sign of the MR might be helpful in the understanding of the origin of 
ferromagnetic behavior in this compound at different temperature range. Indeed, FeSb2Se4 
undergoes an electronic transition below 120K going from semiconductive to a highly insulative 
behavior. Below this temperature the charge carriers are frozen and trapped Shallow energy levels 
from impurities which leads to the very low carrier concentration.
44
 This is consistent with the 
simultaneous increase of the resistivity and the thermopower which is more pronounced at 75K. The 
consequence of this scenario is the formation of the magnetic clusters from spin of trapped free-carriers 




All these spins form the collective 





Figure IV- 5: Field dependent magnetization with hysteresis up 
to 600K and the inset showing almost temperature 





started forming before the electronic transition temperature as suggested by the field dependent 
magnetization (Figure IV-6).  From 120K, the magnetoresistance is negative.  These negative values 
observed at high temperature, confirm the correlation between the carriers (holes) and the spins of local 
magnetic moment in this compound. One can anticipate that, the magnetic exchange coupling in FeSb2Se4 
and Fe0.87Sb2Sn0.13Se4 is regulated by the p-d exchange mechanism. The change on magnetoresistance 
might also suggest the existence of spin-polarized current which is of relevance for spin based devices 
and particularly those based on ferromagnetic semiconductors. 
  
IV-2-4-Magnetic properties  
The temperature dependent magnetization (FC and ZFC) of FeSb2Se4 and Fe0.87Sb2Sn0.13Se4 in 
the range of 2K-600K are shown in the Figure III-4. The structural changes in this material at 
different temperatures are also 
depicted with the corresponding 
magnetic phase transition. The ZFC 
and FC regimes of low and high 
temperature zones show mismatch 
at the intercept temperature (300K). 
The discrepancy observed at that 
particular temperature might come 
from the difference on the 
instrument configuration and 
experimental process. During the 
DC measurement of ZFC, the 
temperature dependent 
susceptibility showed different 
behavior depending on the heating 
process and condition. We observed 
different behaviors when the materials are initially heated up and cooled down in absence of 
applied field and when we started the measurement from room temperature without any prior 
heating and cooling.  The ZFC temperature dependence magnetization obtained without any 




heating and cooling without any applied field, we observed that the magnetization decreases with 
increasing temperature.  This ZFC data was almost similar to the FC temperature dependence 
magnetization above the room temperature. For clarity, FC prior to heating will be denoted 
ZFCB and ZFC after heating, ZFCA in the following sections. The ZFCA data was collected 
under 1000 Oe applied field after the FC regime and the system was cooled down in absence of 
applied field. We allowed a waiting time of about 180 s before starting the measurement of the 
ZFCA. Despite this long time, we observed that ZFCA and FC are almost superimposed. We 
suspect spin polarized electron to induce this irregular behavior. This means that the spins of the 
local magnetic moments which are coupled through long range ordering from itinerant carriers 
(hole) needed long relaxation time to return to the their ground state. The magnetization at ZFCB 
increases with increasing temperature up to 434K and decreases drastically thereafter to 446K 
from where it remains almost constant up to 500K. The increased value of the magnetization 
with increasing temperature of ZFCB corroborates the correlation between the free carriers and 
the spin of the local magnetic ions. In fact, the conduction in Fe1-xSbxSe4 is through the 
activation process, therefore the number of carrier at the edge of the valence band increases with 
increasing temperature. Those carriers turn out to contribute to the magnetization of the itinerant 
electrons’ spins. The FC and both ZFC show magnetic transition starting from 425K up to 446K 
in the case FC and ZFCA; in case of the ZFCB, the transition is observed within 425K and 446K. 
Within this range of temperature, all magnetizations were superimposed. From 446K, the 
magnetization is almost constant in both regimes. One can anticipate paramagnetic behavior 
from this temperature. This is inconsistent with the FM ordering observed at this temperature as 
suggested by the field dependent magnetization. In addition, ZFCA and FC are completely 
distinguishable as highlighted in the inset of the Figure 3D.  This divergence up to 500K 
suggests the persistence of ferromagnetic ordering at high temperature. This is corroborated by 
the hysteresis loop observed in the field dependent magnetization at 600K (Figure III-5). The 
coercivity field of about 55 Oe observed at that temperature is large enough to assign the 
observed hysteresis to the superparamagnetic behavior. However, the field dependence 
magnetization within 420K and 520K is independent of the temperature with coercivity force of 
150Oe (inset Figure III-6). The magnetization increases above these temperatures while the 





To probe the origin of the ferromagnetic ordering, we assume that, as in several magnetic 
semiconductors, Fe1-xSb2SnxSe4 is subjected to other unusual magnetic phenomena such as spin 
glass, spin-polarization of free-carriers and formation of bound magnetic polaron (BMP), which 
could induce long-range magnetic ordering. However, no evidence of spin-glass was observed. 
To probe the two latter cases, we measured the field-dependent magnetization of FeSb2Se4 in the 
temperature range from 2K to 600K. The Figure IV-6A shows the experimental magnetization as 
function of applied field at different temperatures. The plots of magnetization (M) versus applied 
field (H) can be fitted to the equation M = M0L(x) +χmH,  
where L(x) = cothx – 1/x is the Langevin term and represent the contribution of the BMP to the 
magnetization and the χmH term is the contribution of the matrix. M0 = Nms and x = meffH/kBT 
where N is the number of BMPs involved, ms and meff represent the true and effective 
spontaneous moment per BMPs. Fig.IV-6A shows the fitting of experimental data for the 
temperatures between 100K and 300K using the Langevin function (this range of temperature is 
chosen for visual clarity, but the fitting is also perfect down to 2K). All data were perfectly fitted 
at temperatures below 300K with slightly deviation observed at 280K and 300K for field above 
10 KOe. Table IV-7 shows calculated parameters obtained from fitting of M-H data with the 
Langevin function. For each temperature, the total BMP moment Nms can be estimated by the 
linear extrapolation of the high-field to H = 0.  The average value of the total BMP moment Nms 
was about 1.19 emu/g. Since the temperature range was sufficiently high, we assume meff and ms 
to be the same. From this insight, we estimated the number of BMP at each temperature which is 
also roughly the same number of occupied acceptors. A quantitative analysis of the 





high temperatures. Using this value N and the Nms, the values of ms as function of temperature 
was calculated and are reported on the Table IV-3. These values increase with increasing 
temperature from 60K to 150K. The saturation of these moments appears to occur within 150-
200K. This optimal value decreases thereafter for temperature above 200K. The maximum value 
of 68.5µB was observed at 150K close to the values of effective magnetic moments calculated 
from susceptibility data. This suggests that most of the contributions into the magnetic moment 
are related to the free-carriers, which can act through different mechanism depending to the 
temperature.  The fast increase of the magnetization at low field is believed to originating from 





Figure IV- 6(A) Field dependent magnetization at different temperatures fitted with the Langevin 
function,  suggesting the existence of bound magnetic polarons (BMPs in the compounds); (B) The 
Arrott’s plot of FeSb2Se4 suggesting that the Curie temperature should be above 600K. 
 
 
above ~ 3000 Oe might be arising from the spins of the d-orbital outside the BMPs. It is well 
known that in the collective regime particularly in the diluted magnetic semiconductor, the BMP 
is favorable to the p-type semiconductor compared to the n-type because of the p-d exchange 
constant coupling β term that is larger in p-type compared to the s-d exchange coupling α term of 
n-type.
12
 This allows us to anticipate that strong p-d exchange coupling is the main mechanism 
of the magnetic interaction in Fe1-xSb2SnxSe4. The BMPs in magnetic semiconductors are mostly 
reported at low temperature
46,47
. However, we observed here a possible situation where BMPs 
persist up to 300K. Further investigations are needed to understand the magnetism of these  
compounds and the source of FM at low and high temperatures. In the following section we will 
attempt to clarify the mechanism of ferromagnetism in the Fe1-xSnxSb2Se4 (x= 0, 0.13) 
compounds. 
As discussed earlier, there is a strong correlation between the changes in the crystal structure 
with the magnetic transition observed on the temperature dependence magnetic susceptibility. 
From Figure IV-3, we can anticipate that each magnetic transition is coincides with the structural 
phase transition, since we can easily assign the observed structural change at 120K, 350K and 





At 130K, a sharp drop was observed in the magnitude of the FC and ZFC magnetic susceptibility 
and was already ascribed to the structural change induced by stereoactivity of Sb lone pair upon 
cooling and heating of the system.
40
 This stereoactivity of the Sb lone-pair depends on the  
thermal agitation affecting the material structure (chemical bonds) upon heating and cooling. 
Below 130K, the temperature dependent magnetization remains almost constant on FC down to 
17K and then increases with decreasing temperature. In the meantime, the ZFC regime 
drastically decreases after 130K with perceptible changes from 60K down to 2K which are 
observable in the FC with pronounced slope magnitude from 17K. This divergence between the 
FC and ZFC at low temperatures might be due to the anisotropy in the BMP.
12,48
 Interestingly, 
this effect is observed up to 435K, corroborating the current prediction that the BMP could favor 
the ferromagnetism with high Curie temperature 
32,49
 and might persists in this material up to 
room temperature. However, this theory was developed in the case of the wide band gap 
semiconductor doped with magnetic impurities
32
. Therefore, Fe1-xSb2SnxSe4 becomes a particular 
and interesting system to understand the correlation between localized spin from magnetic ion 
and carriers in magnetic semiconductors.   
To understand the effect of this structural change on magnetism at high temperatures, we 
analyzed the magnetic structural subunit in this material. Along the a-axis, the separation 
between two adjacent Fe atoms is 19.215(4) Å and 13.925(3) Å, respectively in the crystal 
structure at 350K and 400K.  This separation is too long for direct or indirect magnetic 
interaction between adjacent magnetic chains. However, a separation of 7.851(1)Å and 
7.081(3)Å is observed between adjacent magnetic chains along the c-axis at 350K and 
400K,respectively . The structural expansion of the unit cell observed at 350K and 400K 
generated the rearrangement of magnetic structural subunit compared to the structure at 120K 
and 300K depicted as the diamond sublattice in Figure IV-3. The Fe-Se-Fe average distances 
along the b-axis are presented in the annex Table IV-1. These distances increase with increasing 
temperature and ranged from 3.9599(8)Å (120K) to 3.9800(8)Å (450K). These distances suggest 
that an indirect exchange interaction is expected between adjacent Fe atoms along the [010] 
through the Fe-Se-Fe bridge. The increasing distance with increasing temperature is expected to 
affect the Fe-Se-Fe angle, which is increasing with increasing temperature as can be observed in 
the Table IV-2. Therefore, AFM ordering is expected to increase with increasing temperature as 
a result of indirect exchange coupling according to the Goodenough-Kanamori rules 
50-53




 The Figure IV-5 shows the field dependence magnetization at different temperatures up to 
600K. The hysteresis loop was observed with coercivity fields between 240Oe to 55Oe. The 
material shows large coercivity field at 300K. The minimum coercivity field observed at 600K 
suggests that the materials exhibit ferromagnetic ordering up to 600K. This is consistent with the 
neutron diffraction data at different temperatures as shown in Figure IV-2, where the calculated 
patterns of the nuclear phases perfectly match with the experimental patterns of neutron powder 
diffraction. No AFM phase in the system was detected although we do observe some extra peaks 
at high angle (2θ = 85) on the neutron diffraction which do not exist in the experimental powder 
pattern and calculated pattern of the nuclear phase. In addition, by converting magnetization into 
Bohr magneton per unit formula at maximum field yielded a very low value at all temperatures 
(0.13, 0.1, 0.04, and 0.063µB/unit formula), suggesting that canting AFM or other mechanism 
might be competing with  the observed ferromagnetism up to 600K. The above description of the 
correlation structure-magnetism relationship suggests the presence of anti-ferromagnetic 
ordering competing with ferromagnetic ordering in our materials. This scenario is not strange in 
a magnetic semiconductor. However, no report of undoped magnetic semiconductor with 
ferromagnetism at high temperature exists in the literature as of yet. One might expect the FM 
ordering to vanish with increasing temperature owing to the frustration and thermal agitation, 
which will favor the paramagnetism in the system. Interestingly we do observe ferromagnetism 
up to 600K (Figure IV-5).  
One should better consider a different mechanism ruling the magnetic behavior in the magnetic 
semiconductor and diluted magnetic semiconductor in order to clearly understand the FM 
ordering observed at high temperature in this material. As we mentioned above, FeSb2Se4 exhibit 
spontaneous magnetization up to 600K. This is supported by the Figure IV-6B showing the 
Arrott’s plot, which is commonly used to accurately determine the Curie temperature. From  
Figure IV-6B, the hysteresis loops at different temperatures might suggest that the Curie 
temperature of Fe1-xSb2SnxSe4 will be above 600K although we do observe a  confusing 
transition  around 450K from where the magnetization of this compound change almost linearly 
with temperature(Figure IV-4). We assume that the ferromagnetism in this material originates 
from the interaction between the spin of free carriers and the spin of the local magnetic atoms. In 
fact, the FeSb2Se4 structure shows two magnetic layers denoted A and B 
39,40
connected through 








 in this 
site has fewer electrons than Sb
3+





 in all Fe sites within the layer A. With an extra electron from Sb
3+ 
more 
electrons are expected in the Fe sites. This means that both free holes and electrons are present in 
the crystal lattice of FeSb2Se4. However, thermopower measurements indicated that the 
compound is a p-type semiconductor suggesting that free-holes are the dominant charge carriers. 
The holes from the impurity band have activation energy of 0.05eV and behave like the 
hydrogenic holes, which tend to form the BMPs, coupling the 3d moments of Fe
2+
 within their 
Bohr radius orbit ferromagnetically by preventing any manifestation of the AFM. This is 
pronounced when cooling down the materials under an applied field to low temperatures. In 





 surrounding all Fe
2+
 ion in these layers.  As a result, all local magnetic 
atoms (Fe, Fe/Sb, Fe/Sn) are surrounded by free carriers, mainly holes, which are then able to 
induce long-range FM ordering. In the classical system mostly studied where BMP are found, the 
impurities and local magnetic atoms are randomly distributed within the lattices. This situation 
required suitable size of the polaron to exhibit ferromagnetism. However, the FeSb2Se4 and 
Fe0.87Sb2Sn0.13Se4 compounds show sizable impurities distributed within the lattices that either 
come from local magnetic moment or surround the local magnetic moment. This reduces 
drastically the percolation threshold of the polaron and favors the onset of the ferromagnetism 
from the high temperature since the size of the polaron growth with decreasing temperature. The 
small value of the activation energy (Figure IV-3C) observed in the extrinsic regime suggests the 
large localization radius and also means larger number of spins are bounded together. The actual 
magnetic behavior of FeSb2Se4 could raise debate in the correlation between the energy gap and 
Tc, since Fe1-xSb2SnxSe4 is definitely a narrow band gap semiconductor, while FM above room 
temperature is mainly predicted to be possible only in wide band gap semiconductors. 
 At high temperature, the localized carriers become delocalized and induce long-range ordering 
between Fe atoms through the spin-polarized hole. In fact, the activation energy of 0.05eV in 
FeSb2Se4 is really small compared to those reported in other systems with Curie temperature 
above room temperature.
21,54
 This means that large fractions of electrons are activated and move 
above the mobility edge of the impurity band as the temperature increases. This induces the 
coupling of the local magnetic moment of the Fe
2+




Ruderman-Kittel-Kasuya-Yosida (RKKY) mechanism. The minimum distance between Fe in 
(101) plane is about 6.845(1)/6.8493(6)Ȧ and the maximum distance between Fe in the same 
plane within the same atoms is about 7.6677(8)/7.8582(4)Ȧ respectively at 350K and 400K. 
These distances are large enough to preclude direct exchange coupling between adjacent Fe. 
Therefore, only the indirect exchange coupling could explain the exchange interaction between 
Fe in this plane. The magnetic centers in FeSb2Se4 are connected via the Se-Sb-Se in the (101) 
plane. This bridge will mediate the exchange interaction ferromagnetically owing to the spin 




. Furthermore, the 
increasing magnetization in ZFCB with increasing temperature up to 436K is an indication that 
the free-carrier should mediate the exchange interaction above 300K as the result of the 
activation process increasing defect in the system, therefore increasing the spin density of states. 
Above 450K, the persistence of FM ordering will be the result of the residual spin polarized 
hole/electron competing with the thermal effect on the local magnetic moment. Despite the 
thermal effect on  Fe
2+
 spins, the long-range exchange still dominates probably because of the 
strong p-d exchange interaction, which could maintain the band splitting resulting in the 
imbalance of spin ups and downs.   
 
Conclusion 
We have successfully synthesized high quality bulk polycrystalline single phase of Fe1-
xSb2SnxSe4 by solid state reaction at 500
o
C. The temperature dependent X-ray diffraction study 
on Fe1-xSb2SnxSe4 single crystal revealed a sequence of 4 phase transformations at 120K, 300K, 
350K and 400K. These structural changes at high temperature are perceptible on the temperature 
dependence of the magnetic susceptibility. Each transition is consistently associated with a 
structural transition. However, the AFM behavior suggested from structural analysis was 
inhibited by the dominant FM up to 600K. The ferromagnetism observed in this compound from 
low to the high temperatures is assigned to the strong coupling between the spin of localized 
magnetic ions and the free carriers which act through the BMP at low temperatures and through 
the spin-polarized hole at high temperatures. In addition, FeSb2Se4 was found to be narrow gap 
p-type semiconductor. This makes it an ideal material for the study of the physical phenomena 
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Chemical manipulation of the magnetic substructure in magnetic semiconductors and particularly 
in ferromagnetic semiconductors
1,2
 is very important when looking for new materials for spin 
based electronics. This has as advantage to reduce the energy required to induce ferromagnetic 
ordering in magnetic semiconductors upon application of electric or magnetic fields. 
3,4
 In 
addition, nonmagnetic semiconductor can be turned into magnetic semiconductors (MS) by 
introducing sizable concentration of magnetic ions such as Mn, Fe, Ni and Co into the 
semiconductor. Since electronic properties of most conventional semiconducting materials can 
be modulated using impurities, it has been proposed that magnetic impurities such as Mn
2+
, may 
be helpful in order to provide more functionalities in the doped material. This approach has been 
used for a decade on III-V, II-VI and IV-IV semiconductor.
5-8
 Semiconductor materials such as 
III-V(GaAs) are already being used in a large number of electronic devices and equipment 
where, magnetic materials are also in needed. However, the integration of the as doped materials 
into practical devices is actually restricted by the low magnetic transition temperature of 173K 
and low solubility of the magnetic ion into the host semiconductor.
8,9
  Various magnetic 
semiconductor from this approach revealed that, the exchange interactions between the free 
electrons or holes in the semiconducting band and localized spin of the magnetic ions are 
bounded.
10-18
 This makes the fabricated MS a multifunctional materials combining classical 
properties of semiconductors and magnetic materials. Therefore, a feature application could be 





Figure V- 1: (A) Powder X-ray diffraction of various FeSb2-xSnxSe4 compositions compared 
with the simulated pattern of FeSb2Se4; experimental patterns are in perfect agreement with the 
simulated pattern. (B) Differential Scanning Calorimetric graph of different compositions with 






 Understanding the mechanism of the interaction between the spin of the charge 
carriers and the spin of the local magnetic moment remain controversial.
9,23,24
 In addition, the 
origin of ferromagnetism assigned by different authors to the exchange interaction between the 
spin of the carriers and the spins of the local magnetic moment, is suspected to come from 
magnetic impurities precipitating in the sample. Therefore, this question could be handled by 
manipulating a ferromagnetic semiconductor with nonmagnetic ion.  
To address this situation, we used our recently reported FeSb2Se4
25
 compound as a template. This 
compound showed interesting magnetic properties at low and high temperature. We report here 
the effect of Sn substitution at Sb sites on the magnetic properties of this material. We found 
that, different compositions obtained from substitution of Sb with Sn show strong correlation 
between the concentration of Sn and magnetic properties.     
V-1- X-ray powder diffraction and Differential Scanning Calorimetry (DSC) of FeSb2-
xSnxSe4 (0≤ x ≤ 0.25) 
The Figure V-1shows (A) the powder X-ray diffraction and (B) the differential scanning 





Figure V- 2:(A) The temperature dependent electrical conductivity of different  FeSb2-xSnxSe4 
compositions; the insets highlight the general trend of the electrical conductivity change with Sn 
concentration, and the transition from semiconductor to metallic behavior in FeSb1.85Sn0.15Se4; (B) 
is the temperature dependent thermopower of different compositions of FeSb2-xSnxSe4. 
 
 
composition (x values) were converted into the percentage fraction of Sb (y = x/2) substituted in 
FeSb2Se4.  Compositions with y values 0.5%, 2.5%, 5%, 7.5%, 10%, and 12.5% are used in our 
study. All compositions of FeSb2-xSnxSe4 are isostructural with FeSb2Se4 as suggested by the X-
ray powder diffraction patterns (Figure V-1A). The endothermic plots show the onset of the 
melting temperature between 862K to 873K for various samples. For compositions with small 
fractions of Sn, the melting point is below the value observed for the undoped compound. The 
difference between the lowest and the highest value of the melting point in different 
concentrations compared to undoped materials was about 10K. This indicates that the melting 
point of FeSb2Se4 is not significantly affected by Sn doping at Sb sites for up to y = 12.5%.  
V-2-Electrical properties and thermopower of FeSb2-xSnxe4 
V-2-1-Low temperature electrical properties, thermopower of FeSb2-xSnxSe4 
 
The temperature dependence of the electrical resistivity and thermopower are presented in the 
Figures V-2(A) and (B). The striking sharp increase in the value of electrical resistivity observed 
on FeSb2Se4 at 130K is also replicated on the doped samples. However, the transition 




sample with 7.5% of Sb substituted by Sn shows semiconductor-to-metallic like phase transition. 
In fact, for this particular composition, the resistivity initially increases with decreasing 
temperature, reaches a peak at 62K with a maximum resistivity of 0.42Ω.cm, and continues to 
decrease with further cooling down to 0.23Ω.cm at 6.6K. This behavior suggests that the 
FeSb2Se4 system might be subjected to quantum critical physics phenomena (QCP). This is 
consistent with the metal to insulator transition (MIT) like curve observed on composition with 
Sn amount lesser than 7.5%.  For compositions y = 7.5% and above, the electrical resistivity 
values were below 0.5 Ω.cm when the temperature is above 50K. This is consistent with the 
overall observed trend in the series where the electrical conductivity increases with increasing 
concentration of Sn. Furthermore, the strong alteration of the magnetic properties (as will be 
discussed later) with the manipulation of the carrier density through Sb substitution with Sn is an 
additional reason supporting the presence of QCP phenomena, which is also contingent to the 
charge carrier change in the materials.  
The thermopower decreases with increasing temperature from 426µV/K at 75K to 218µV/K at 
300K for the sample containing y = 0% of Sn. These values drop down to -3.37µV/K for the 
lowest temperature in the case of sample with 7.5% Sn concentration. In addition the 
thermopower in that same composition is the lowest in the whole series with observable value of 
38µV/K at 300K. Although, the Seebeck coefficient irregularly decreases with increasing 
amount of Sn up to 7.5% doping level, the situation is reversed when further Sn is added in 
FeSb2Se4. As observed for the 7.5% Sn doping level, the thermopower of compositions with 
10% and 12.5% increases with increasing temperature up to 120K from where it becomes almost 
constant. The large positive values observed for composition between y = 0% and 5% suggest 






V-2-2-High temperature electrical conductivity and thermopower of FeSb2-xSnxSe4 
 
Figure V-3 displays the electrical conductivity (A) and thermopower (B) curves of FeSb2-xSnxSe4 
with x spanning from 0.05 to 0.25 at temperatures range from 300K to 570K. Regardless of the 
temperature, the conductivity increases with increasing concentration of Sn with the highest 
values in the whole temperature range observed for the sample with 12.5% of Sn. The 
FeSb1.75Sn0.25Se4 sample displayed an electrical conductivity value of 23 S/cm at 300K, which 
represents a relative enhancement of 2200% compared to the pristine compound. In the 
meantime, the Seebeck coefficient decreases with increasing concentration of Sn. The sample 
with 12.5% of Sn displays the lowest Seebeck coefficient, which slightly decreases with 
increasing temperature going from 90µV/K at 300K to 74µV/K at 560K. The variation on both 
Seebeck and electrical conductivity suggest that, the carrier concentration of FeSb2Se4 increases 
by increasing the amount of Sn. This is change in the carrier density with increasing Sn content 
is believed to be driving force leading to the observed alteration in the magnitude of the magnetic 




Figure V- 3: (A) High temperature electrical conductivity and (B) thermopower for different 







Figure V- 4: temperature dependent magnetic susceptibility under ZFC (A) and FC (B) for 
samples with different concentration of Sn. Both figures suggest that the magnetic properties are 
strongly altered with the amount of Sn in FeSb2Se4. 
 
 
V-3-Low Temperature Magnetic Properties of FeSb2-xSnxSe4 
V-3-1-Low Temperature Magnetic Susceptibility 
 
The Figure V-4 shows the temperature dependence of the magnetic susceptibility under zero 
field cooled (ZFC) (A) and under field cooled (FC) (B) of different FeSb2-xSnxSe4 compositions 
prepared. The supplementary document in the annex (V-1) shows field dependent magnetization 
for each composition. ZFC and FC curves are completely divergent for each composition, 
suggesting a strong anisotropy effect on the bound magnetic polarons
26
 for compositions 
between y = 0.0% to y = 5%, the temperature dependent magnetic susceptibility plots show 
decreasing values of the susceptibility with decreasing temperature. A striking drop is observed 
at 130K and is followed by the plateau between 112K and 45K for compositions between y = 
0.0% and y = 2.5%. After 45 K, the susceptibility decreases drastically but never reaches zero. 
Below 100K, the susceptibility of FeSb1.90Sn0.10Se4 (5% Sn doping level) monotonically drops 
down to 0.097 emu/mol.Oe when the temperature decreases. Furthermore, the compound with Sn 
composition within y = 7.5% and y = 12.5% showed increasing values of the susceptibility with 
decreasing temperature. The susceptibility monotonically increases for the FeSb1.85Sn0.15Se4 




susceptibility decreases below 26 K. Looking closely at these three samples (y = 7.5%, 10%, 
12.5%), one can realize that the onset temperature of this downturn of the magnetic susceptibility 
change depends on the composition with the lowest transition temperature of 19 K observed for 
the sample with 10% of Sn. However, the FC temperature dependent susceptibility shows 
increasing values of the susceptibility with decreasing temperature for all samples. But, samples 
with Sn concentration within y = 0% and 5% showed irregular changes on the magnetic 
susceptibility. In fact, a magnetic transition is observed at 130K for samples with y = 0% to 2.5% 
of Sn. This change ends around 120K, below which, the magnetic susceptibility continues to 
increase with further cooling. All the above observed changes  suggest that the spin frustration 
around 130K could be switched to well ordered magnetic structure with non-magnetic impurities 
from Sn.  
We found that the magnetization and its temperature dependence are strongly altered by the 
variation of Sn concentration. Indeed, upon substitution of 0.5% Sb by Sn in FeSb2Se4, the 
susceptibility drops in all range of temperature. Further addition of Sn results to increasing value 
of the susceptibility in all range of the temperature for composition between y = 2.5% and 10% 
of Sn. The maximum susceptibility is obtained on composition with y = 10% Sn in all range of 
temperature under ZFC and FC conditions. Above y = 10% of Sn, the magnetic susceptibility 
starts decreasing with further addition of Sn. This change on the magnetic susceptibility suggests 
that, the magnetic property of FeSb2Se4 is really sensitive to the concentration of non-magnetic 
impurities added into the sample. 
V-3-2 Low temperature isothermal field dependent magnetization of FeSb2-xSnxSe4  
The Figure V-4 shows the field dependent magnetization for different compositions (y = 0.0%-
12.5%). The applied field varied between -10000Oe to and +10000Oe. Figure V-4A is the field 
dependent magnetization at 2K while Figure V-4B is collected at 300K. The field dependent 
magnetization for all samples shows hysteresis up to 300K, suggesting ferromagnetism in all 
samples up to room temperature and above. As observed on the temperature dependent 
magnetization, the magnetic saturation initially decreases upon addition of 0.5% Sn in FeSb2Se4. 
The values of magnetic saturation at 2K and 300K are 670 emu/mol and 410emu/mol, 
respectively, representing 7% and 25% magnetization loss at 2K and 300K respectively when 





Figure V- 5: (A) FC magnetic susceptibility and (B) ZFC magnetic susceptibility for different 
compositions within 300K-600K temperature range. 
 
 
increases up to y = 7.5% Sn sample at 2 K and 300 K (except for the sample with y = 5% at 2 K). 
The value of the magnetic saturation observed at 2 K for that particular sample is 1432 emu/mol 
and represent 99% increasing value of the magnetic saturation when compared to the Sn free 
FeSb2Se4 sample. However at 300 K, the magnetic saturation for y = 7.5% Sn doping level was 
comparable with the undoped parent compound. Above y = 7.5% the magnetic saturation 
consistently decreases as we observed on the temperature dependent susceptibility curves. The 
coercivity fields at different temperatures are presented in the Table V-1. From that table, one 
can see that the coercivity initially increases, going from 205 Oe for undoped composition to 
1000 Oe upon addition of 0.5% Sn. For Sn concentration equal y = 2.5% and above, the 
coercivity decreases continuously down to 62 Oe at 2 K with increasing amount of Sn. However, 
at 300 K the coercivity changes irregularly with increasing amount of Sn, but decreases 
continuously from compositions with y = 2.5%, which exhibit the maximum coercivity for all 
samples at 300 K.  
V-3-3-High temperature magnetic properties of FeSb2-xSnxSe4 
The magnetic properties of MnSb2Se4, MnxBi2-xSe4 and FeSb2Se4 have shown correlations with 
the transport properties in these compounds. Such correlation is one of the important  
 
requirements expected for ideal system for promising spin based electronics
26
. Ferromagnetism 





Figure V- 6:  (A) Field dependent magnetization of FeSb1.75Sn0.25Se4 for temperature between 2K-
600K, this is the highest doped composition and still exhibits ferromagnetism; (B) isothermal field 
dependent magnetization at 460K for different concentration of Sn. 
 
 
magnetic properties from carrier density modulation through doping or applied magnetic/electric 
fields. To test the effect of impurities on the magnetic properties of FeSb2Se4, we decided to 
dope this material with different dopants. In the case Sb to Sn substitution, changes on the 
magnetic properties at high temperatures are reported here. The Figure V-5 displays the FC and 
ZFC magnetic susceptibility curves of the FeSb2-xSnxSe4 solid solution. Throughout, the 
susceptibility is altered upon addition of a small fraction of Sn in the material. Contrary to the 
trend displayed at low temperatures, where both ZFC and FC show similarly changes with 
increasing concentration on Sn, the situation is rather complex at high temperatures. The 
concentration dependence of the susceptibility under FC and ZFC shows that, the susceptibility 
increases when 0.5% Sn is added in FeSb2Se4 and decreases thereafter up to y = 2.5% where the 
whole value remains greater than the susceptibility of the pristine compound above 450K. 
Further doping results in continuously diminution of the magnetization with increasing 
concentration of Sn with the magnitude of the susceptibility below that of FeSb2Se4.  
 
 
However, below 450 K and under FC conditions, only the susceptibility of FeSb1.99Sn0.01Se4 is 
above the value displayed by the undoped composition. All other compositions exhibit 




the susceptibility increases with increasing concentration of Sn up to y = 2.5% with magnetic 
transition around 450 K as observed on the FC curves.  Above 2.5% Sn, the susceptibility 
continuously decreases with further addition of Sn. However, irregularity on the trend is 
observed on the sample with 5% Sn, which shows the increase in susceptibility with increasing 
temperature up to 450 K. In the case of compositions with y between 2.5% and 12.5% the 
susceptibility increases with increasing temperature up to 315 K where they display the 
maximum values. Thereafter,  a sharp drop in the susceptibility is observed on further heating the 
sample up to 322 K for compositions with Sn amount between y = 7.5% and 12.5%. Above this 
temperature the susceptibility is almost constant with increasing temperature. Two critical 
transition temperatures at 330 K and 450 K are observed for samples with 0.0%, 0.5% and 5% 
amount of Sn, while all other samples show transition temperature at 332 K under FC and ZFC 
conditions. To understand the origin of such transitions, we must consider the effect of thermal 
processing on the FeSb2Se4 structure. As reported earlier, the FeSb2Se4 compound undergoes 
structural phase change when it is heated. Upon heating this material from 300 K to 350 K, a 
striking change along the a-axis of the crystal structure was observed. The a-axis drastically 
expand from 13.083(3) Å at 300 K to 38.243(8) Å at 350 K, while the β angle slightly drop from 
114.78
o
(300 K) to 111.21(3)
o 
(350 K). Further heating the material up to 400 K results to change 
of a-axis to 27.543(6) Å and c-axis to 26.22(5) Å while β sharply decreases to 90.72(3)
o
. In 
addition the space group switches from C 2 /m at 350K to C 1/c 1. These structural phase -
change are associated with the magnetic phase transitions observed at 323 K and 450 K, 
respectively. One can anticipate that, the structural phase transition at 350 K started below 323 
K, where transition from 300 K to 350K induced the rearrangement of the magnetic subunit. The 
second magnetic transition temperature at 450K corresponds to the simultaneous change in the 
structure and the electronic structure of this material, which strongly alters the magnetic behavior 
of FeSb2Se4.  
The ferromagnetism persists at high temperatures when we increase the amount of Sn in 
FeSb2Se4. This could be observed on the field dependent magnetization for different 
compositions at 460 K and the hysteresis loop of the highest concentration of Sn for 
temperatures between 2 K-600 K. The Figure V-6A shows the field dependent magnetization at 
different temperatures for FeSb1.75Sn0.25Se4 which is the composition with highest amount of Sn. 




the highest value observed at 300 K. As the temperature increases, the coercivity initially 
increases from 62 Oe to 277 Oe and decreases afterward down to 100 Oe with further increase of 
the temperature. Meanwhile, the magnetization saturation evaluated from 10000 Oe applied field 
decreases monotonically, going from 1000 emu/mol at 2K to 111emu/mol at 600 K. Each 
composition of FeSb2-xSnxSe4 at high temperature show similar behavior of field dependent 
magnetization. The Figure V-6B is the field dependent magnetization at 460 K for different 
compositions of FeSb2-xSnxSe4 prepared in this work. As we increase the concentration of Sn the 
magnetization decreases. This is in contradiction with the trend observed at low temperatures 
where the magnetization initially decreases for the composition with y = 0.5% and then increases 
up to 10% from where it drops down under further addition of Sn. This variation in the 
magnetization of FeSb2-xSnxSe4 could be clarified from the correlation between the d orbital of 
the local magnetic moment and the free carriers available near the valence band of the 
semiconductor in these materials. This happens as the magnetic ordering, which is correlated to 
free carrier in this case is also affected by the temperature. Presumably, because of the activation 
processes that allow free carrier at band edge to be promoted to the conduction band. As we 
reported at low temperatures, the doping of FeSb2Se4 with Sn leads to the increasing electron 
concentration in the material. This reduces the Nβ term which is define in chapter I of the 














Figure V- 7: X-Ray photoelectron spectroscopy of 0.15, 0.20 and 0.25  amount of Sn in 









increasing amount of Sn, the oxidation state of Sn is constant (Sn
2+
)(B) in  (D)Evolution of the 






V-4-Correlations between charge transport magnetic properties in FeSb2-xSnxSe4  
  
The magnetic and electrical properties of FeSb2-xSnxSe4 (0 ≤ x ≤ 0.25) consistently change with 
increasing concentration of Sn. Our recent work showed that, the magnetic properties of 
FeSb2Se4 can be altered by change in the electronic behavior.
1
 The chemical manipulation of this 
material through substitution of small fraction of Sn indicates alteration of its electrical behavior, 
suggesting that this material is sensitive to the impurities. Activation energy for different 
compositions were calculated from the Arrhenius’s relation ρ = ρ0 exp(Ea/kBT), where Ea is the 
activation energy and kB is the Boltzmann constant. The electrical resistivity for all samples 
shows an activation behavior from 100 K to 300 K. Effort to have the resistivity of the 
FeSb1.99Sn0.01Se4 sample failed. We suspect this scenario to be related to the high resistivity of 
this particular sample. This might also explain the drop on the magnetic susceptibility of 




As reported in the Figure V7, the oxidation state of Fe
2+







increasing concentration of Sn is observed on XPS spectra. We expected the observed behavior 
to affect the magnetization of different samples. In fact, two main mechanisms of interaction 
govern the magnetic exchange interaction here. (1) The long range exchange interaction from 
extra electron added at the band edge polarizing spin of the Fe
2+
 that are on the impurities band. 
In this case adding more electron (presumably adding more Sn) results into increasing the 
density of spin-polarized carriers, leading to increasing magnetization as observed from 2.5% to 





start when sufficient slightly amount of Sn is added. That is consistent with the decreasing value 
of the activation energy with increasing amount of Sn. (2) The double exchange mechanism 
between Fe
3+
 − Se – Fe
2+
 which is mainly AFM in the case Fe
3+
 − O − Fe
2+
. This could explain 
the diminution of the magnetization when further Sn is added in FeSb2Se4 above 10% doping.  
The increasing value of the susceptibility and the magnetization for sample with 2.5% Sn 
(FeSb1.95Sn0.05Se4) was followed by the drop of the electrical conductivity and the Seebeck. 
However, the Seebeck coefficient for the composition with 5% Sn was larger in all range of the 
temperature compared to the values observed for the sample with 2.5% Sn. In addition, the 
values of the Seebeck for the sample with y = 2.5% change from 150µV/K at 50K to 142µV/K at 
300K are almost constant in the whole range of the temperature (Figure V-2B), since  only 
1.33% deviation  is observed at 300K compared to the value at 50K. This suggests a slight 
change in the carrier concentration of the sample.  
For FeSb2-xSnxSe4 compositions with Sn concentration above 5%, all samples showed low 
electrical resistivity with maximum value of 0.45Ω.cm for temperature between 50K and 300K. 
Interestingly, the Seebeck coefficient drop from 142µV/K for 2.5% doping level to 40µV/K for 
composition with 7.5% amount of Sn at 300K. Furthermore the Seebeck coefficient of this 
composition ranged between 60µV/K at 300K and -2µV/K at 43K (7.5%). This means that, 
increasing the fraction of Sn in the FeSb2Se4 changes its electrical behavior from almost 
insulating to metallic-like behavior. This switch from insulator to metallic behavior observed 
around 62K for the sample with y = 7.5% is also observed in the magnetic behavior of this 
composition. In fact, the maximum magnetic susceptibility at all temperatures was observed for 




that the resistivity of the FeSb1.85Sn0.15Se4 composition (y = 7.5%) increases with decreasing 
temperature going from 0.048Ω.cm at 300K to a maximum of 0.42Ω.cm at 62K and decreases 
thereafter down to 0.22Ω.cm for further decrease of the temperature. This particular sample 
shows the highest magnetization on the field dependent magnetization data at 2K and at 300K. 
The Seebeck coefficient of FeSb1.85Sn0.15Se4 composition (y = 7.5%) and compositions with high 
Sn content, initially increases sharply with increasing temperatures up to 200K (for y = 7.5%), 
91K (for y = 10%), and 123K(for y = 12.5%). After that, the Seebeck was constant with further 
increase in the temperature. We suspect this change on Seebeck to originate from the thermal 
activation of carriers from the intermediate impurity band to the conduction band of the FeSb2-
xSnxSe4 compounds.   









 crystallographic sites. We anticipated that, the Sb to Sn substitution will initially 
take place at these mixed positions. Therefore the electronic band structure of this compound 







activation energy for the FeSb1.85Sn0.15Se4 composition (y = 7.5%) was calculated considering 
the dominant activation process in this material at low temperature, and the value of 0.049eV 
allows  concluding that the impurity band is confined within the band gap and is mainly  
populated by electrons. Upon substitution of Sb with Sn, the system change from p-type narrow 
band gap semiconductor to metallic like as suggested by the low Seebeck coefficient  for  FeSb2-
xSnxSe4 composition with y =7.5% to 12.5%   and the transition from positive to negative 
Seebeck at low temperatures. This situation suggests that, the substitution of Sb
3+
 with Sn, leads 
to an increase in the density of electrons in the p-type FeSb2-xSnxSe4 semiconductor, instead of 
the anticipated increase in hole concentration. Indeed, X-ray photoelectron spectroscopy (XPS) 
(Figure V-7) of samples with y = 7.5% , 10% and 12.5 %, indicated that a small fraction of Fe
2+
 















 results in the contribution of extra electrons to the impurity band. These free electrons 
dominate electronic conductions at sufficiently low temperatures. Upon increasing the 
temperature, electron-hole compensation processes result in lowing Seebeck coefficient for these 
samples.  The activation energies for all FeSb2-xSnxSe4 compositions reported in the Table V-2, 




The change of impurity band with Sn concentration is illustrated on the Figure V-7D, where one 
can see the decreasing gap of the band with increasing amount of Sn. The decreasing value of the 
activation energy with increasing Sn is consistent with our assumption that as more Sn is added 
in the sample, more electrons are provided leading to a decrease in the   hole concentrations. 
From the samples with y = 7.5% and above, the hole concentration become small and conduction 
is now dominated by electrons. This explained the metallic like behavior exhibited in the 
samples with y = 7.5% and above. In addition, the electrical conductivity consistently increases 
with increasing concentration of Sn. This suggests that adding Sn in FeSb2Se4 mainly increase 
the concentration of charge carriers of the resulting materials. 
 From the variation of the Seebeck coefficient, we anticipate that the carrier concentration 
change with temperature is less pronounced for samples with Sn content above 2.5%. Therefore, 
the most important factor leading to the observed increase in the magnetic susceptibility of 
samples with Sn content above 2.5% is the density of spin polarized electron at the impurity 
band. Since the mean  field theory predicts the susceptibility in magnetic semiconductor to be 
dependent on both density localized spin magnetic atoms  and the density  of spin polarized 
electron (hole), the maximum susceptibility observed for the sample with y = 7.5% corresponds 
to a situation of maximum concentration of added electrons to the impurity band. The 
susceptibility of FeSb2-xSnxSe4 samples with Sn concentration of 10% and above decreases with 
increasing Sn concentration. This is consistent with the change on the electrical conductivity and 
the increasing value of the activation energy. In contrary to the MnSb2-xSnxSe4 system, the 
FeSb2-xSnxSe4 compounds exhibit a monotonic increase in the resistivity with increasing 
concentration of Sn. This situation could be assigned to an increase in the density of electrons 
and/or a  decrease of the spin disorder scattering due to the preferential alignment of spin 








Table V- 1 : Coercivity of FeSb2-xSnxSe4 (0≤ x ≤ 0.25) giving at 2K and 300K 
 
Sn Concentration (%) Coercivity at 2K(Oe) Coercivity at 300K(Oe) 
0.0 205 238 
0.5 1000 327 
2.5 316 377 
5 122 327 
7.5 183 300 
10 95 140 
12.5 62 250 
      
Table V- 2: Activation energies of FeSb2-xSnxSe4 for different concentration of Sn. 














The FeSb2-xSnxSe4 (0 ≤ x ≤ 0.25) phases show a strong dependence of the magnetic behavior on 
the carrier density. We found that, the mechanism of magnetic coupling is related to the 
modification of the band structure of FeSb2Se4 upon doping with Sn. The impurity band edge 
decreases with increasing amount of Sn in the sample. Coercivity and magnetic saturation were 
altered when Sb is substituted with Sn. The most interesting finding is the magnetic and 
electrical behavior of the sample with 7.5% Sn doped. This particular sample shows the highest 
magnetic susceptibility in the whole series and exhibits a switch from semiconductor to metallic 
like behavior at low temperatures. This particular sample suggests a possibility of quantum 
critical phenomena in FeSb2Se4, making this material a suitable template for various studies of 
electron-correlated phenomena, particularly to understand the effect of the manipulation of the 
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The previous two chapters have shown interesting correlations between the transport properties 
and the magnetic properties in FeSb2Se4. However, FeSb2Se4 has very low conductivity at low 
and high temperatures. The effort so far to increase the conductivity by replacing fractions of Sb 
with Sn did not give significant enhancement of the transport properties. We proposed to 
improve the conductivity of the parent composition by replacing a fraction of Se with Te. We 
expect to improve the conductivity by increasing the carrier mobility, while keeping the crystal 
structure and carrier density unchanged. In this chapter, we report the transport and magnetic 
properties of FeSb2Se4-xTex with x spanning from 0 to 0.1. We found that the magnetic properties 





VI-1- X-ray diffraction on polycrystalline sample of FeSb2Se4-xTex (0.01 ≤ x ≤ 0.1) 
 
A series of FeSb2Se4-xTex with x values ranging from 0.0 to 0.1 has been prepared. Figure VI-1 
shows the X-ray diffraction pattern of the synthesized compounds. The experimental X-ray 
powder  diffraction patterns are compared with the calculated pattern from the structure of 
FeSb2Se4 at 300K. All experimental X-ray powder diffractions show perfect match with the 
calculated pattern. Therefore, all compositions are believed to adopt the monoclinic crystal 
system.  
 
Figure VI- 1: X-ray powder diffraction 
of FeSb2Se4-xTex (0.01 ≤ x ≤ 0.1).  All 
compositions are isostructural with 






V-2-Electronic transport properties 
 
Figure VI-2(A) shows the temperature dependent electrical conductivity of three samples within 
the temperature range from 300K to 600K. Despite the low value of the conductivity observed in 
these samples, the conductivity increases with increasing temperature with the highest value of 
1.54 S/cm and 5.61S/cm  observed at 334K and 615K respectively for the composition with x = 
0.01. The lowest value of the electrical conductivity, 0.86 S/cm at 300K and 3.47S/cm at 600K, 
was observed for the compound containing about 0.1 Te. However, the room temperature value 
is slightly higher compared to 0.99 S/cm for the undoped composition at that temperature. 
Therefore, adding a small fraction of Te into FeSb2Se4 results in a decrease in the electrical 
conductivity, which is opposite to the initially anticipated trend. Regardless of Te concentration 
(x value), the electrical conductivity increases with increasing temperatures, which is consistent 
with the semiconducting behavior of the samples.  
Figure VI-2 (B) shows the thermopower of different compositions as a function of temperature. 
For all compositions, the thermopower decreases with increasing temperature. The highest 
thermopower value of 269 µV/K is obtained at 330 K for x = 0.01. The thermopower decreases 
with increasing temperature to 229 µV/K at 615 K. The lowest values are obtained for the 
 
Figure VI- 2: High temperatures Electrical conductivity (A) and Seebeck coefficient (B) of 
FeSb2Se4-xTex samples showing diminution of both the electrical conductivity and the Seebeck 





composition with x = 0.1, with a thermopower value of 233 µV/K at 300 K and 195 µV/K at 602 
K. These values are lower compared to the Seebeck coefficient of the undoped FeSb2Se4 at the 
same temperatures.   All samples are p-type semiconductors. The low values of the electrical 
conductivity and thermopower upon Te doping at Se sites in FeSb2Se4 indicates that the carriers 
mobility drastically decreases, while the carrier density increases despite the fact that Te to Se 
substitution is expected to be isoelectronic. One possible explanation of this surprising behavior 
is that the Te to Se substitution largely decreases the electronic band gap of the material leading 
to the thermal excitation of a large fraction of electrons from the valence band to the conduction 
band at a given temperature.   
VI-3-Effect of Te doping on the magnetic properties of FeSb2Se4-xTex 
 
Figure VI-3 depicts the temperature dependent of the magnetic susceptibility under zero field 
cooled (ZFC) and field cooled (FC) for samples with different concentrations of Te. For each 
concentration, the susceptibility increases with decreasing temperature up to 130K. Below this 
temperature, a sharp discrepancy is observed between the ZFC and FC. From 130K, a significant 
 
Figure VI- 3: ZFC and FC of different samples at low temperature 
showing field dependent magnetization, the large gap between ZFC 





change on the ZFC susceptibility is observed as depicted by the downturn on Figure VI-3 and 
continuously decreasing value of the magnetization with decreasing temperature. In the 
meantime, the magnetization under the FC increases with decreasing temperature.  
  
The FC magnetic susceptibility for the samples with x = 0.05 and 0.07 is almost constant below 
100K.  Regardless of the temperature, the magnitude of the magnetic susceptibility generally 
increases with increasing Te concentration. Below 130 K, an irregular trend on susceptibility is 
observed on both FC and ZFC regime with the maximum susceptibility observed for the sample 
with x = 0.07. However, for temperatures above 130 K, the susceptibility initially decreases in 
both FC and ZFC upon addition of x = 0.01 Te atom. Above the concentration with x = 0.01, the 
susceptibility increases with increasing Te content and the maximum susceptibility is observed 
for the sample with x = 0.1(Figure VI-4). The divergence between the FC and ZFC (Figure VI-3) 
susceptibility curves from 2K up to 300K allows us to anticipate ferromagnetic ordering in these 
compounds at room temperature and above. This is consistent with the magnetic behavior of the 
parent compound FeSb2Se4, which is ferromagnetic with a transition temperature far above 
300K. The doping with Te aims to increase the very low conductivity observed in the parent 
compound. We also doped the Sb site with Sn for the same purpose, but the various solid-
solutions obtained via this manipulation of the chemical composition displayed very low carrier 
 







mobility, and therefore a very low conductivity. As we observed from the temperature dependent 
conductivity discussed above, the electrical conductivity of the various FeSb2Se4-xTex phases 
increases compared to that of the FeSb2Se4 compound. The change in the electrical conductivity 
did not inhibit the FM ordering in the system. However, it turns out that the magnitude of the 
magnetic susceptibility is altered when the electrical conductivity increases. 
 
The high temperature (300K-500K) dependence of the magnetic susceptibilities of the FeSb2Se4-
xTex samples are displayed in Figure VI-5. Because of the mismatch between the low and high 
temperature susceptibility data and the gap between the FC and ZFC curves observed for the 
high temperature dependent susceptibility, we have collected the temperature dependent 
susceptibility data as followed: 
 
Figure VI- 5: High temperatures dependence of the magnetic susceptibility 
for different various FeSb2Se4-xTex compositions. The ZFCA and ZFCB 






-We initially measured the susceptibility data under ZFC on the ZFC regime when heating up 
sample from 300K to 600K under applied field of 100Oe. This data is denoted by ZFCB on 
Figure VI-5.  
-After the first step, we cooled the system down to 300K under applied field and then collected 
data when heating up the system under the same applied field. This data is denoted by FC on 
Figure VI-5. 
-The sample was now cooled down to 300K without any applied field and finally heat is applied 
from 300K to 600K when collecting data under 100Oe applied field. We denoted this step as 
ZFCA on Figure VI-5. 
From Figure VI-5, one can see that the FC susceptibility of each FeSb2Se4-xTex composition 
decreases with increasing temperature and shows a sharp drop in the susceptibility around 450K. 
Interestingly, the ZFCB and ZFCA curves for the samples with x = 0.07 and x = 0.1 increase  
 
Figure VI- 6: Field dependent magnetization of different 
FeSb2Se4-xTex compositions at temperatures range between 2K 








with increasing temperature up to 431K where the maximum susceptibility is observed under 
ZFC and FC conditions.  The susceptibility decreases at temperatures above 431 K and becomes 
almost constant above 450K. However, in the case of samples with x = 0.01 and 0.05, the ZFCA 
and ZFCB susceptibilities initially decrease from 300K to 320K and subsequently increase with  
 
further increase in the temperature up to 450K. Both ZFCB and ZFCA curves are divergent at 
temperatures below 450K, but converge at 450K along with the FC curve. The increasing values 
of the susceptibility from 300K to 450K under ZFC condition is similar to the temperature 
dependence of the susceptibility for the parent compound. This is assigned to the effect of spin-
polarized free-carriers induced by the external applied magnetic field (100 Oe). Such spin-
polarized carriers presumably mediate long range ordering between the localized magnetic 
moment from pure magnetic ions, which is the Fe
2+
 in this case. The increasing value of the ZFC 
 
Figure VI- 7: Arrott`s plot of various FeSb2Se4-xTex composition at 
temperatures between 310K-500K. The composition with x = 0.10 
shows extrapolation to zero at 440K, suggesting a Currie temperature 
Tc of 440K. The hysteresis loop in field dependent magnetization 





susceptibility observed when we increase the temperature of the system suggests an increase in 
the density of spin-polarized carriers in the materials due to thermal activation of additional 
electrons from the valence band to the conduction band. This is consistent with the increasing 
values of the electrical conductivity. However, the susceptibility reaches the maximum value at 
431K, where all FC and ZFC curves converge, and a sharp drop of the susceptibility to the 
lowest value is observed at 450K. We suspect that the drop in the susceptibility originates from 
the dominant effect of thermal spin fluctuation over the magnetic coupling between the spin of 
free carriers and the external applied magnetic field.   
The Figure VI-6 is the field dependent magnetization of FeSb2Se4-xTex (0.01≤ x ≤0.1) at various 
temperatures. The samples with x = 0.01 and 0.05 fraction showed temperature dependent 
magnetization, with maximum magnetization of 826 emu/mol for x =0.01 at 350K and 1161 
emu/mol for x = 0.05 at 310K. Interestingly, the magnetization increases with temperature from 
300K to these maximum values. Normally, one should expect the magnetization to decrease with 
increasing temperature as a result of thermal vibration inducing spin disorder. However, the 
magnetization for the samples with x = 0.01 and 0.05 decreases from 2K to 300K and increases 
thereafter. This change is consistent with the increasing magnetic susceptibility observed under 
ZFC conditions. This could confirm our current hypothesis, which assumes that the thermal 
activation of electrons from the valence band to the conduction band and the subsequent 
polarization of these carriers by the external applied magnetic field govern the magnetic behavior 
at high temperatures through the mediation of long-range ordering of localized magnetic 
moments on Fe ions.  
The unusual increase in the magnetization with increasing temperature  observed on samples 
with x = 0.01 and 0.05 is absent in the  sample with x = 0.1 where the saturation magnetization 
monotonically decreases with increasing temperature going from 452 emu/mol at 2K to 63 
emu/mol at 500 K. This means that for this sample (x = 0.1), the effect of spin-polarized free 
carriers on the mediation of long-range magnetic ordering might be less pronounced compared to 
other samples. The coercivity field changes from 111 6Oe to 0 Oe with the largest coercivity 
field observed at 2 K for the sample with x= 0.10. For each sample, the coercivity field decreases 
with increasing temperature. Samples with Te concentration x = 0.01 and 0.05 showed 




coercivity was found to be 0 Oe. Therefore, one can anticipate the ferromagnetism in of 
FeSb2Se4-xTex (0.01≤ x ≤0.1) compounds to vanish above 450 K, which is the onset temperature 
of the convergence of the ZFC and FC susceptibility curves.  The “snake” shape of the field 
dependent magnetization observed at 500 K is an indication of superparamagnetism in the 
samples. For sample with x = 0.1, the coercivity of 92 Oe was observed at 500 K. This suggests 
that the sample does not show any superparamagnetic behavior above 450 K. However, the 
Arrott’s plots for different compositions presented in Figure V-7 suggest that ferromagnetic 
behavior can exist up to 500 K in samples with x ˂ 0.1, while the sample with x = 0.1 shows 
transition from ferromagnetism to superparamagnetism at 440 K as indicated by the linear 
extrapolation of the M
2
 versus H/M curve  to 0 at T = 440 K. 
Conclusion 
 
FeSb2Se4-xTex (0≤x≤0.1) solid-solutions prepared by adding small fractions of Te into Se sites in 
the structure of FeSb2Se4 showed ferromagnetic ordering up 500 K for composition below x = 
0.1 and a transition from ferromagnetic ordering to superparamagnetism at 450 K for the sample 
with x = 0.1. The carrier concentration increases with increasing amount of Te as indicated by 
the decreasing value of the Seebeck coefficient. However, the mobility was found to be less 
affected by the amount of Te. Therefore, the electrical conductivity is still quite small, although 
slightly higher than that of the FeSb2Se4 composition. The magnetic behavior of FeSb2Se4-xTex 
samples was found to be correlated to the transport properties of each sample, which is an 







Effect Se Substitution by Te on Transport and Magnetic Properties 
of FeSbSe4-xTex (0 ≤ x ≤ 4) 
 
Introduction 
In chapter V, we have 
reported the effect of Te 
doping at Se sites in the 
structure of FeSb2Se4 on the 
magnetic behavior and 
electronic transports. It was 
found that adding a small 
fraction of Te (0.01, 0.05, 
0.07, 0.1) in FeSb2Se4 results 
in a small enhancement of 
the transport properties. For 
instance the electrical 
conductivity of the Te- 
doped samples was slightly 
higher than that of the 
pristine sample. However, a 
decrease in both the 
 
Figure VII- 1: Structure of (Sb/Bi)2(Se/Te)3 showing stacking 
sequences along the c-axis where M(Te/Se) can be inserted between 






thermopower and electrical conductivity was observed upon increasing the Te content. 
Interestingly, the magnetic behavior and the crystal structure of the Te-doped samples were 
similar with that of FeSb2Se4. In an attempt to further increase the electrical conductivity of the 
p-type ferromagnetic semiconductor, FeSb2Se4, we have operated gradual isoelectronic 
substitutions of Se by Te atoms accordingly with the general formula FeSb2Se4-xTex (1 ≤ x ≤ 4). 
Since, Se and Te were found to substitute each other in binary compounds such as Sb2Se3-xTex 
and Bi2Se3-xTex to form Sb2Te3 layered structure, we anticipate that similar substitutions in the 
FeSb2Se4-xTex (1 ≤ x ≤ 4) series can lead to a layered crystal structure that can be derived from 
that of Sb2Te3. In the rhombohedral (R-3m) structure of Sb2Te3 adjacent building blocks formed 
by three atomic layers of Te atoms and two atomic layers of Sb (Te-Sb-Te-Sb-Te) alternated 
along the c-axis and are linked by weak van der Waals interactions between adjacent Te atomic 
layers
28-31
. Since the chemical formula FeSb2Te4 (x = 4) can be rewritten as (FeTe)-( Sb2Te3), we 
anticipate that the crystal structure of FeSb2Se4-xTex (1 ≤ x ≤ 4) can be obtained by insertion of 
one atomic layer of Fe and one additional atomic layer of Te within the (Te-Sb-Te-Sb-Te) 
building block of the structure of Sb2Te3 in such as way that the crystal symmetry (R-3m) is 
preserved. Therefore, the rhombohedral hypothetical structure of FeSb2Se4-xTex (1 ≤ x ≤ 4) 
should consist of three blocks with atomic stacking sequence Te-Sb-Te-Fe-Te-Sb-Te alternating 
along the c-axis (Figure VII-1). A similar structure refined from powder recently reported for 
MnBi2Te4
32
. In this hypothetical structure of FeSb2Se4-xTex (1 ≤ x ≤ 4) the octahedral 
environment of the Fe atoms by Se/Te atoms as well as the [Fe(Se/Te)6] one-dimensional chain 
of edge-sharing octahedra building the layer of magnetic atoms is similar to the ones observed in 
the parent compound FeSb2Se4. Therefore, no drastic change in the magnetic behavior is 
anticipated, while a significant alteration in the thermal and electronic transports is anticipated 
due to the changes in the crystal packing of the semiconducting lattice built by Sb-(Se,Te).  
Sb2Se3-xTex and Bi2Se3-xTex have been investigated as room temperature thermoelectric materials 
with dimensionless figure of merit more or less close to 1.
33
 Transition metal doped Sb2Te3 and 
Bi2Te3 have also been reported and showed very interesting magnetic properties, which can be 
altered by tuning the transport properties in the host system.
34-36
 However, the thermoelectric 
properties and the effect of the manipulation of the electronic properties of the Sb2Te3 block on 
the magnetic ordering in the FeSb2Se4-xTex (1 ≤ x ≤ 4) series  have not been investigated. 




materials suitable for both thermoelectric and spintronic application on a single device. Here, we 
report on the structure, magnetic and thermoelectric properties of FeSb2Se4-xTex 
 
 
VII-1. Synthesis and characterization 
 
Polycrystalline FeSb2Se4-xTex (0 ≤ x ≤ 4) samples were obtained from combination of pure 
elements in stoichiometry ratio. Elements were thoroughly mixed and sealed under vacuum 
atmosphere in the cleaned quartz tube. The temperature profile was the same as mentioned 
earlier in this work (See Chapter II for more detailed). All FeSb2Se4-xTex samples revealed 
different X-ray powder pattern when compared to FeSb2Se4 (Figure VII-2A), indicating a drastic 
change in the crystal symmetry upon Te substitutions at Se sites.  Crystal structure refinement on 
selected single crystal from different compositions did not provide a good structure model. 
However, Indexing on the HTEM diffraction suggests that the structure might be tetragonal (see 
Figure VII-1B).   
 
Figure VII- 2: X-ray powder diffraction showing different structure when compared with FeSb2Se4 
(A) and HTEM diffraction image (B) of FeSb2Se4-xTex(1 ≤ x ≤4) indicating high symmetry 











Figure VII- 3: Temperature dependent FC and ZFC magnetic susceptibility from 2K to 500K 
showing the variation of the susceptibility; and the Curie transition temperatures with Te 
concentration.  The low temperature part of the plots shows magnetic comparable behavior 






The Figures VII-3 and Figure VII-4, respectively show the temperature dependent susceptibility 
and field dependent magnetization at different temperatures for FeSb2Se4-xTex with various Te 
concentrations. Regardless of the amount of Te in the particular composition, the temperature  
 
dependent susceptibility curves for various FeSb2Se4-xTex compounds are comparable with that 
of FeSb2Se4 under FC and ZFC at low temperatures. The susceptibility of all samples sharply 
drops around 130K, which is reminiscent of the behavior observed in FeSb2Se4 around the same 
temperature. The ferromagnetic to paramagnetic (FM-PM) like transition is observed on FC data 
for compositions with x = 1, 2, and 3, with the transition temperatures of 455K, 445K and 436K 
(Figure VII-3), respectively. The ZFC high temperatures susceptibility curves for all 
compositions increase with increasing temperature, and are consistent with the behavior reported 
 
Figure VII- 4: Field dependent magnetization for various FeSb2Se4-xTex compositions at different 







for the FeSb2-xSnxSe4 (0≤ x ≤0.25) and FeSb2Se4-xTex (0≤x≤0.1) series. This behavior is believed 
to be induced by the exchange interaction between the spin-polarized free carriers and spin of the 
local magnetic moments. However, for the FeSb2Te4 composition, the temperature dependent 
ZFC susceptibility curve continuously increases with increasing temperature. Similar behavior 
was observed on samples with x = 1, 2 and 3.  
 
The FC and ZFC curves of different compositions reported on the same graphs for low 
and high temperatures measurements (Figure VII-3) suggest that the susceptibility depends on 
the Te concentration. This is supported by the field dependent magnetization at different 
temperatures reported on the Figure VII-4. All magnetic parameters such as the coercivity and 
saturation magnetization are altered with increasing amount of Te. The variations of magnetic 
parameters with compositions are summarized in Table VII-1.With the exception of the 
composition with x = 1, where the coercivity are constant within 2K and 500K with the 
 
Figure VII- 5: Arrott’s plots of FeSb2Se4-xTex(0 ≤ x ≤ 4) samples suggesting  







observable value of 125Oe, all other compositions show decreasing value of the coercivity with 
increasing temperature. Interestingly, the coercivities for all compositions are found between 
700Oe and 80Oe, with the highest values in each composition observed at 2K. The lowest 
coercivity were observed at 300K for the sample with x = 4. One can conclude that the FeSb2Se4-
xTex (0 ≤ x ≤ 4) is a soft magnet. For each composition with x ≤ 3 the magnetic saturation 
decreases with increasing temperature. However, for x = 4, the magnetic saturation increases and 
reaches the optimum value of 1580 emu/mol at 350 K and decreases afterward with further 
increase in  temperature. For each temperature, it was difficult to find correlations between the 
magnetization and the composition change, since no consistent trends were observed upon 
alteration of the magnetic properties with increasing amount of Te. However, at 500 K we 
observed an increasing value of the magnetic saturation with increasing concentration of Te. We 
suspect the irregular change of the magnetization to originate from the electronic structure of the 
prepared materials. Although we could not find the perfect crystal to explore the single crystal 
structure in order to discuss the structure-magnetic property relationship, some degrees of 
disorder at the Sb and Fe sites can be anticipated in the ideal model structure described in the 
introduction, given the disorder between Sb and Fe at various metal sites in the parent 
compound. Such p-d hybridization (Sb/Fe intermixing) could presumably facilitate the formation 
of spin-polarized electron leading to ferromagnetic ordering both at low and high temperatures. 
Figure VII-5 shows the Arrott`s plots for different FeSb2Se4-xTex compositions. From these plots, 
we observed that the Curie temperature might be above 500 K for all compositions. This is 
supported by the field dependent magnetization curves that show hysteresis on all samples at 500 
K. The constant values of the susceptibility above 450 K observed in all compounds in this work 
is believed to be  the signature of superparamagnetism  due to the strong thermal agitation 
affecting the coupling of spin-polarized carriers to the external applied magnetic field and local 
magnetic moments. However, the hysteresis loop exhibited on the field dependent magnetization 
is presumably a manifestation of the FM ordering. This is consistent with the coercivity values 






Table VI-1: Values of coercivities and saturation magnetization as function of temperature and 
Te concentration in the FeSb2Se4-xTex(0 ≤ x ≤ 4 samples 





2 700 125 763 611 261 
300 250 125 258 191 80 
350 157 158 117 217 142 





2 3140 1326 2000 1000 807 
300 560 1195 1990 817 938 
350 191 1109 400 1065 1580 





To probe the possible p-d exchange coupling, and therefore the existence of spin-polarized 
carriers (electrons, holes) in the compounds, we performed magnetoresistance (MR) 
measurements on various compositions between 10K and 300K (FigureVII-6). The experimental 
data shows a positive magnetoresistance for all samples. However, the magneto-resistance  
 
curves at maximum applied field did not show saturation. The magnitudes of the magneto-
resistance were very small and decreased with increasing temperature for composition with x ≤ 
3.  A number of physical phenomena have been listed to induce the magneto-resistance. (1)  
 
Figure VII- 6 : Field dependent magnetoresistance of FeSb2Se4-xTex at different temperatures, 





Weak localization phenomena and (2) the strong sp-d exchange coupling. In the case of weak 
localization phenomenon saturation is expected with large applied field
37,38
. In our case the MR 
did not show any saturation. The positive values observed on MR here might be connected to p-d 
exchange coupling. This is consistent with our assertion on the origin of FM ordering above 
room temperature, which mainly originate from the delocalized spin-polarized electrons due to 
the hybridization of p-d orbital. At low temperatures, holes are localized and generated FM 
ordering from bound magnetic polarons (BMPs). The correlation between the density of free 
carriers and the susceptibility is highlighted in the Figure VII-7, where one can clearly see that  
 
both the susceptibility and the carrier concentration for instance in the FeSb2Se3Te compound 
increase with increasing temperature. The drastic increase of the ZFC susceptibility with 
temperature from 27K is followed by increasing concentration of free carriers and both curves 
reach the maximum nearly at the same temperature (131K for the susceptibility and 149K for the 
carrier concentration). Above 130K both the susceptibility and carrier density decrease with 
prominent drop observed on the carrier density. This consistent change of both the susceptibility 
and the carrier concentration are the results of correlated electron phenomena involving free 




Figure VII- 7: (A) Carrier concentration as a function of temperature. The carrier 
concentration decreases with increasing amount of Te; (B) The temperature dependent 
carrier concentration and temperature dependent susceptibility suggesting correlation 







VII-3-Transport properties of FeSb2Se4-xTex 
Figure VII-8 shows the thermoelectric properties of FeSb2Se4-xTex at low temperature. The 
temperature dependence electrical conductivity is presented in Figure VII-8A (low temperature) 
Regardless of the composition the electrical conductivity decreases with increasing temperature 
with maximum values observed in sample with x = 4 in the whole range of temperature. This 
particular sample exhibits an electrical conductivity of 6572 S/cm at 2K and 735S/cm at 575K.   
The lowest value of the electrical conductivity, 630S/cm at 2K, was observed for the sample with 
x = 3. At 300K, the electrical conductivity value of 540S/cm for the sample with x = 1 is lower 
than that of   the composition with x = 3 suggesting that the electrical conductivity of 
FeSb2SeTe3 decrease slowly with increasing temperature, while that of the sample with x = 1 
decreases faster. Regardless of the temperature, the electrical conductivity increases with 
increasing amount of Te except for the composition with x = 3, which shows lower values of 
electrical conductivity between 2K and 575K.  This change in the electrical conductivity was 
inconsistent with the gradual change of Te concentration in the pristine compound. To explain 
this inconsistent trend, we measure the carrier concentration, which is displayed in Figure VII-7. 
Regardless of the temperature, the carrier concentration decreases with increasing amount of Te. 
Since the electrical conductivity is proportional to the carrier concentration and the mobility, we 
think that both parameters are altered simultaneously with increasing amount of Te. The 
increasing value of the electrical conductivity upon substitution of two atoms of Se might be due 
to the slightl difference in the carrier mobility between sample with x = 1 and x = 2. For the 
composition with x = 3 both the carrier mobility and carrier density were reduced, leading to the 
observed low conductivity in this sample compare to the other compositions. Therefore, 
increasing the Te concentration in FeSb2Se4-xTex tends to affect the electronic structure of the 
parent compound.  
Generally speaking the Seebeck coefficient of this series increases with increasing concentration 
of Te. This is consistent with the change observed on the carrier concentration plots (Figure VII-
7), since the thermopower is inversely proportional to the carrier concentration. As the 
temperature increases, the thermopower increases almost linearly for the first three samples of 




Seebeck with increasing temperature is consistent with the degenerate semiconducting behavior 
of these compounds as suggested by the conductivity plots (Figures VII-8A). The very small 
values of the Seebeck coefficient below 50K are also consistent with large conductivity observed 
in this range of temperature, particularly for the  sample with x = 4. However, all samples show 
positive values of the thermopower suggesting that the FeSb2Se4-xTex phases maintain the p-type 
semiconducting behavior observed in the parent compound.  
 
The temperature dependence of the thermal conductivity is reported in the Figure VII-8C and the 
dimensionless thermoelectric figure of merit ZT is shown in Figure VII-8D. The thermal 
conductivity increases with increasing concentration of Te. The thermal conductivity at 50K 
range from 1.05µW/m.K to 4.08µW/m.K when the amount of Te goes from 1 to 4. These values 
 
Figure VII- 8: Temperature dependent of (A) electrical conductivity; (B) thermopower; (C) 
thermal conductivity   and (D) thermoelectric figure of merit for different compositions of 






are larger than the values observed for the parent phase.  At room temperature, the thermal 
conductivity increases with increasing Te content from 1.57µW/m.K to 3.42µW/m.K. This 
means that the thermal conductivity decreases with increasing temperature. In the series of 
FeSb2Q4 (Q = Se, Te) system studied in this thesis, the thermal conductivity was found to be 
mainly dominated by the lattice thermal conductivity.  However, in the FeSb2Se4-xTex series, 
although we do have a strong contribution of lattice thermal conductivity, the large values of the 
electrical conductivity suggest a strong contribution of the electronic thermal conductivity to the 
total thermal conductivity. This could explain the large difference of about 50% between the 
thermal conductivity of the composition with x =3 and x = 4. The thermoelectric figure of merit 
in the whole series increases with increasing temperature, and show the maximum value of 0.15 
at 300K for FeSb2Te4. The figure of merite of the FeSb2Se4-xTex materials can be further 
enhanced through optimization of the synthesis method, nanostructuring or any other processing 
method used to improve the thermoelectric properties of thermoelectric materials such as Bi2Te3 
and Sb2Te3. This will make the FeSb2Se4-xTex series new multifunctional materials with 
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Among known complex transition-metal chalcogenides is the fascinating family of ternary 
MPn2Q4 (M = Fe, Mn; Pn = Sb, Bi; and Q = S, Se) compounds with crystal structures that show 
1D to 3D connectivity (depending on composition and synthetic method) as well as interesting 
physical properties.
25,39-45
 For instance, MnSb2S4 synthesized by solid-state reaction crystallizes 
in the monoclinic lattice (mC28)
45
 and is isotypic with HgBi2S4,
46
 whereas an orthorhombic 
modification (oP28),
39,42
 isostructural with FeSb2S4,
41
 was obtained from crystals of the same 
composition isolated from a hydrothermal preparation method. In the crystal structure of the 
orthorhombic and the monoclinic MnSb2S4, MnS6 octahedra share edges to form single chains 
separated by the Sb2S3-type substructure. These isolated chains of MnS6 octahedra represent the 
substructure that controls the magnetic properties,
47-50
 whereas the electronic properties of the 
compound are controlled by the Sb2S3-type network that connects adjacent magnetic chains. 
Because of the unique spatial arrangement of atoms in the MPn2Q4 structure, we have been very 
interested in how magnetism and electronic transport respond to modifications of the structure by 
altering M, Pn, and/or Q. For instance, electrical-conductivity and magnetic susceptibility 
measurements revealed that MnSb2S4 is a semiconducting antiferromagnet with a Néel 
temperature (TN) of 26.5K and an energy band gap (Eg) of 0.77eV.
42-44
 By modifying the nature 
of the Sb–S bonds that connect the magnetic and semiconducting subunits in MnSb2S4 through 
isoelectronic substitution of S by Se, we anticipate a significant alteration in electronic charge 




energy band gap smaller than that of MnSb2S4 (Eg = 0.77eV) and high electrical conductivity are 
expected for MnSb2Se4 due to an increase in the degree of covalency of the Sb–Se bond. 
MnSb2Se4 was first investigated by Kurowski and reported in his doctoral thesis.
42
 Based on this 
work, four different crystal structure models were proposed. The first model obtained from 
single-crystal structure refinement in the space group C 2/m revealed the Mn(2a) site to be 
randomly occupied by Mn and Sb atoms with nearly equal statistical probability, thus leading to 
a charge-unbalanced final composition, Mn0.75Sb2.25Se4. The other three models have been 
obtained from Rietveld refinement using neutron diffraction data. Two of them considered 
Mn/Sb mixed occupancies at all the Mn and Sb positions and featured very large atomic 
displacement parameters for both Mn(2a) and Mn(2d) sites. The last model, which was similar to 
the ordered structure of HgBi2S4, also showed large atomic displacement parameters for Mn 
atoms. Therefore, a conclusive structure model for MnSb2Se4 could not be obtained from this 
early study. Another investigation (from the same research group) of the MnSb2–xBixSe4 solid 
solution also revealed large discrepancies in the unit-cell parameters and atomic distribution in 
MnSb2Se4.
51
 Here, we report an accurate determination of the crystal structure of MnSb2Se4 by 
using high-quality single crystals grown from a solid-state reaction of high-purity elements at 
500 °C and discuss results of electronic and thermal transport, electronic structure, as well as 
direct current (DC) and alternating current (AC) magnetic-susceptibility data. 
VIII-1-Experiments 
VIII-1-1-Differential Scanning Calorimetry (DSC)  
Differential scanning calorimetry data were recorded on a 404-F1 DSC apparatus (NETZSCH) 
using approximately 15mg of the synthesized compound sealed in a small quartz tube under a 
residual pressure of ~10
3
 Torr. An equivalent mass of Alumina (Al2O3) was used as the 
reference. The sample and reference were simultaneously heated to 1073 K at a rate of 20 K/min, 
isothermed for 2 min and then cooled to 423 K at a rate of 20 K/min. DSC data were recorded 
during two heating and cooling cycles. The endothermic onset temperature is reported as the 






VIII-1-2-Infrared Spectroscopy  
To probe the optical band gap of MnSb2Se4, room temperature diffuse reflectance infrared 
spectroscopy was performed in the 4000 – 400 cm
1 
region using a Thermo Nicolet NEXUS 670 
FT-IR spectrometer. The reflectance data were converted into absorption data using the 




 (where   is the reflectance at a given wavelength, α 
is the absorption coefficient, and S is the scattering coefficient) and the optical band gap was 
estimated from an absorption (α/S) 
[38-39]
 versus energy plot. 
VIII-1-3-Electronic Structure Calculations  
The electronic structure of MnSb2Se4 was calculated with the linear muffin-tin orbital (LMTO) 
method in the atomic sphere approximation (ASA) using the tight-binding program TB-LMTO-
ASA 
[40]
. A charge balanced model was constructed by assigning Sb atoms at M1 and M2 
positions whilst Mn atoms were located at the M3 and M4 sites. The radii of the Wigner-Seitz 
(WS) spheres were assigned automatically so that the overlapping potentials would be the best 
possible approximations to the full potentials, and an interstitial sphere was necessary with 
thedefault 16% overlap restriction 
[40]
. Since the structure of MnSb2Se4 is rather open, special 
care was taken in filling the interatomic space. Using only atom-centered spheres resulted in 
errors because of too large overlaps. Therefore, the empty interstitial spheres (ES) were added to 
the crystal potential and the basis set. The sphere radii and their positions were chosen so that 
space filling was achieved without exceeding a sphere overlap of 16%. All sphere positions and 
radii were calculated automatically; the WS radii [Å] were Mn, 1.47 – 1.57; Sb, 1.57 – 1.61; Se, 
1.45 – 1.53; and ES, 0.74 – 1.33. The calculations used a basis set of Mn-4s/4p/3d, Sb-5s/5p and 
Se-4s/4p orbitals and the reciprocal space integrations were performed on 12 × 12 ×12 grids of 






VIII-2-Characterization of MnSb2Se4 Powder    
A single-phase polycrystalline powder of MnSb2Se4 was obtained through combination of 
elemental Mn, Sb, and Se at 773K. Slow 
heating of the starting mixture to the 
reaction temperature with intermediate 
annealing at 573K was necessary to 
produce a high-purity phase. Attempts to 
speed up the reaction by either 
eliminating the intermediate dwelling 
step or by slow cooling the starting 
mixture from the molten state resulted in 
polycrystalline samples with unreacted 
selenium as the main impurity phase. 
Rapid increase of the furnace 
temperature presumably results in high 
vapor pressure of the low-melting Se 
inside the sealed tube, thus leading to a 
reaction mixture with lower Se content. 
Upon cooling the furnace to room 
temperature, the Se vapor ultimately 
condenses and mixes with the reaction 
product. X-ray diffraction on 
polycrystalline powders of the 
synthesized compound (Figure VIII-1A) 
showed an excellent match with the 
theoretical pattern simulated from the 
single-crystal structure refinement. This 
indicates successful formation of nearly 
a single phase of MnSb2Se4 and also attests to the accuracy of the proposed structural model. The 
accuracy of the structural model, as well as the successful synthesis of MnSb2Se4, is also 
supported by the experimental density of 5.65(2) g.cm
–3
 (measured using helium gas 
 
Figure VIII- 1(A) X-ray diffraction pattern of 
MnSb2Se4compared with the theoretical pattern 
calculated from the single-crystal structure 
refinement data. (B) Differential scanning 
calorimetry (DSC) of MnSb2Se4 showing a single 
endothermic peak of congruent melting upon heating 








pycnometry), which represents approximately 99 % of theoretical density calculated from single-
crystal structure data (Table VIII-1). MnSb2Se4 melts congruently at 790K and shows no sign of 
decomposition after heating up to 1000K (Figure VIII-1B). Upon cooling, MnSb2Se4 fully 
recrystallizes at 771K, thereby suggesting its high thermal stability. The absence of additional 
endothermic peaks on heating again suggests the successful synthesis of MnSb2Se4 as a single 
phase. 
VIII-3-Crystal Structure of MnSb2Se4 
 
MnSb2Se4 is isostructural with FeSb2Se4 
25
 crystallizing in the monoclinic space group C2/m (no. 
12) with lattice parameters, a = 13.076(3)Å, b = 3.965(1)Å, c = 15.236(3)Å, β = 115.1(3)° (Table 
VIII-1). The observed slight increase in the unit-cell parameters of MnSb2Se4 relative to those of 
FeSb2Se4 is consistent with the difference in the effective ionic radii of Mn(0.83Å) and Fe 
(0.78Å) in six fold coordination.
52
 The structure (Figure VII-2) contains two crystallographically 
independent Mn atoms located at special positions Mn(1) (2d) and Mn(2) (2a) (Table VIII-2). 
 
Figure VIII- 2:(A) Graphic representation of the crystal structure of MnSb2Se4 projected 
along the b axis highlighting the separation between 1D chains of edge-sharing {Mn}Se6 
octahedra. Ellipsoids are set at 98% probability level for all atoms, and a bond threshold of 
3.14 Å was used. Dashed bonds are weak Sb–Se connecting adjacent 1D 
[{Mn}{Sb}4/2{Se}2+4/2]∞ structural subunits. Geometrical details of 1D chains of edge-sharing 






The Mn(1) position is fully occupied by Mn, whereas the Mn(2) position contains 19 % Sb. Both 
Mn positions are coordinated by six selenium atoms with Mn(1) located in a distorted [2+4] 
octahedral geometry with two short axial bonds at 2.550(2)Å and four long equatorial bonds at 
2.721(2)Å, whereas Mn(2) is found in an almost regular octahedral geometry with bond lengths 
that range between 2.676(2)Å and 2.702(2) Å. Along [010], adjacent {Mn(1)}Se2+4 octahedra 
share edges to form one-dimensional (1D) [{Mn(1)}Se2+4] chains (Figure VIII-2B), which are 
weakly linked [through an Sb(1)–Se(2) bond of 3.116(2) Å] along the a axis by the Sb(1) atom in 
a distorted [1+2+2] square pyramid of Se atoms (Table VIII-3) to build a slab denoted B parallel 
to the ab plane. A similar type of slab denoted A is formed by interconnecting [through the 
Sb(2)–Se(4) bond of 3.093(2) Å] 1D [{Mn(4)}Se6] chains (Figure VIII-2C) parallel to [010] with 
Sb(2) atoms in a distorted [1+2+2+1] octahedral coordination (Figure VIII-2A). Both A and B 
slabs are linked along the c axis by a rather long Sb(2)–Se(3) bond [3.138(2) Å] to build the 
three-dimensional (3D) structure. Alternatively, the structure of MnSb2Se4 can be better 
described as a one-dimensional arrangement of [{Mn}{Sb}2{Se}4]. chains of edge-sharing 
octahedra parallel to [010], thus giving the rather long Sb–Se bonds (dashed bonds in Figure VII-
2A) interconnecting individual chains. 
Table VIII-1 Selected crystallographic data for MnSb2Se4 at 300 K. 






















Crystal size [mm] 0.04 x 0.09 x 0.25 
Crystal shape, color needle, black 













 R1 = ∑||Fo| – |Fc||/∑|Fo|. 
[b]













Table VIII-2: Atomic coordinates, Wyckoff positions (W.P.), site-occupancy factors (k), and 




 for all atoms in the asymmetric unit of 
MnSb2Se4. 
Atom W.P k x y z Ueq
[a]
 
Sb(1) 4i 0.95 0.2738(2) 0 0.6334(2) 267(3) 
Mn(1) 4i 0.05 0.2738(2) 0 0.6334(2) 267(3) 
Sb(2) 4i 0.96 0.3554(2) 0 0.1260(2) 242(3) 




Mn(3) 3d  0 1/2 1/2 265(7) 
Sb(4) 2a 0.19 0 0 0 252(9) 
Mn(4) 2a 0.81 0 0 0 252(9) 
Se(1) 4i  0.0123(2) 0 0.1799(2) 269(4) 
Se(2) 4i  0.1143(2) 0 0.4575(2) 228(4) 
Se(3) 4i  0.3446(2) 0 0.3277(2) 243(4) 
Se(4) 4i  0.6549(2) 0 0.0533(2) 246(4) 
[a]
 Ueq is defined as one-third of the trace of the orthogonalized Uij tensor. 





























 3.620(2)   





























Sb(2)|Mn(2)–Se(3) 3.138(2)   
[a]
 Operators for generating equivalent atoms: (i) 1/2 – x, –1/2 – y, 1 – z; (ii) 1/2 – x, 1/2 – y, 1 – 
z; (iii) 1 – x, –y, –z; (iv) 1/2 + x, 1/2 + y, z; (v) 1/2 + x, –1/2 + y, z; (vi) –1/2 + x, –1/2 + y, z; (vii) 
–1/2 + x, 1/2 + y, z; (viii) x, 1 + y, z; (ix) –x, –y, 1 – z; (x) –x, 1 – y, 1 – z; (xi) –x, –y, –z; (xii) 1/2 
– x, –1/2 – y, –z; (xiii) 1/2 – x,  1/2 – y, –z. 




Figure VIII- 3(A) Temperature dependence of the field-cooled (FC) and zero-field-cooled (ZFC) 
molar magnetic susceptibility and inverse susceptibility of MnSb2Se4 measured under applied field 
of 100 and 1000Oe. Blue circle: FC at 100Oe; red square: ZFC at 100Oe; black triangle: ZFC at 
1000Oe. The inset is the magnification of the susceptibility around TN ≈ 20K. (B) Temperature 
dependence of the in-phase component of the AC susceptibility measured for various applied 
frequencies from 500 Hz to 10 kHz under an applied field of 10Oe. The inset is a magnification of 






Figure VIII-3A shows the magnetic susceptibility and the inverse susceptibility of the 
synthesized polycrystalline powders of MnSb2Se4 measured at 100 and 1000Oe. The 
susceptibility exhibits a broad peak at 20 K, which suggests an ordering of Mn magnetic 
moments at low temperatures. The susceptibility data above 120 K could be fitted to the Curie–
Weiss law with a Curie constant of 5.48emu.K.mol
–1
 and a Weiss constant of –74K. The 
corresponding effective magnetic moment is µeff = 5.82(2)µB per Mn atom. This value is 




) in the high-spin 
configuration, thereby confirming our assignment of the oxidation state of Mn ions (2+) in the 
crystal structure. The large negative value of the Weiss constant indicates that the interaction 
between the Mn
2+
 magnetic moments is predominantly antiferromagnetic (AFM). However, the 
slight increase in the susceptibility observed below 5K (Figure VIII-3A inset) also suggests the 
existence of a small ferromagnetic (FM) ordering in the sample at very low temperatures. In 
addition, the observed strong dependence of the magnetic susceptibility below 20K on the 
applied magnetic field, the shift of the blocking temperature to lower values with the increase in 
the applied magnetic field, as well as the difference between the ZFC and FC data suggests 
competing magnetic ordering similar to spin-glass behavior within the sample
53
. To better assess 
this magnetic behavior, AC susceptibility measurements at various frequencies and different 
amplitudes of the excitation field were performed. Figure VIII-3B shows the in-phase part, χ of 
the AC susceptibility of MnSb2Se4 for selected frequencies between 500Hz and 10000Hz. The 
amplitudes and positions of the peak maxima (Tmax) depend on the frequency of the applied AC 
magnetic field (Figure VIII-3B, inset). Tmax gradually shifts to higher temperatures, and the peak 
intensity decreases with increasing frequency, which indicates that the peaks are associated with 
the onset of spin freezing. These features are typical for classical spin-glass systems such as Cu1–
xMnx and Au1–xMnx alloys
53-56
 A quantitative measure of the change in the freezing temperature 
with frequency in spin glass materials is obtained by calculating the Mydosh parameter (K) 
defined as the relative shift of the maximum temperature (Tmax) per decade of frequency.
53
The 
estimated K = ΔTm/[Tmlog(ω)] = 0.013 is about three times higher than K values found in spin-
glass systems such as Cu1–xMnx (K = 0.005) and Au1–xMnx (K=0.0045) and suggests that the 
relaxation behavior is consistent with a spin-glass-like behavior. However, in most spin-glass 
systems, the magnitude of the AC susceptibility below Tmax is frequency-dependent and becomes 
independent of the frequency above Tmax.
57




magnitude of the AC susceptibility above and below Tmax upon frequencies (Figure VII-3B, 
inset) suggests that the downturn on the magnetic-susceptibility curves (ZFC and FC) of 
MnSb2Se4is more complicated in nature. A tentative explanation of this behavior is provided 
below. To understand the magnetic behavior of MnSb2Se4, we have carefully analyzed 
geometrical details of the [MnSe6] magnetic chains, their arrangement in the 3D structure, and 
the coupling (intrachain and interchain) between localized spins on adjacent Mn atoms by using 
the Goodenough– Kanamori rules.
58-61
 As described above, the Mn3 atom is located in a 
distorted octahedral geometry, [{Mn(1)}Se2+4] with two apical short bonds [2.550(2) Å] and four 




) is not a Jahn–Teller ion, this 
kind of severe distortion of the octahedral coordination results in a Jahn–Teller-type splitting of 
the d orbitals, thus leading to an increase in the energy level of dz
2
, dxz and dyz orbitals. This 










 leading to a total spin 
value of S = 5/2 (high spin). The more regular octahedral coordination of the Mn(4) atom 
[{Mn(4)}Se6] suggests an octahedral splitting of 3d
5











, which corresponds to a total spin value of S = 5/2 (high spin). The total 
number of spin, S = 5/2 for both Mn3 and Mn4 atoms, is consistent with the effective magnetic 
moment calculated from the magnetic-susceptibility data. The structure of MnSb2Se4 can 
therefore be regarded as layers A and B of magnetic chains alternating along the c = axis. The 
magnetic behavior of MnSb2Se4 therefore depends on the interactions between adjacent magnetic 
atoms within a single chain (intrachain) and/or the interchain interactions. The shortest distance 
between magnetic chains in adjacent magnetic layers is around 7.653 Å, and the intralayer 
separation between magnetic chains is around 6.832 Å (Figure VIII-2A). These distances are too 
long for direct or indirect magnetic exchange interactions between neighboring magnetic chains, 
thereby suggesting that MnSb2Se4 is a quasi1D magnetic system. Therefore, the magnetic 
behavior of the compound is controlled by the nature and magnitude of exchange interactions 
between adjacent magnetic atoms in [{Mn(1)}Se6] and [{Mn(2)}Se6] magnetic chains. 
However, Mn atoms within individual chains (along [010]) are 3.965 Å apart (Figure VIII-2B). 
This separation is too long for direct magnetic exchange interactions between the magnetic 
moments on neighboring Mn atoms. Therefore, adjacent Mn(1) and Mn(2) atoms are 
magnetically coupled by indirect exchange interactions through the bridging Se atoms. For 




suggests antiferromagnetic or weak ferromagnetic coupling of spins localized on adjacent Mn(2) 
atoms. Within the [{Mn(2)}Se6] chain, two Mn(1)–Se(4)–Mn(1) coupling paths with bond 
angles of 92.3 and 94.4° are possible, thereby indicating competition between AFM and FM 
ordering of spins localized on adjacent Mn(4) atoms (Figure VIII-2C). This magnetic frustration 
within the [{Mn(1)}Se6] and [{Mn(2)}Se6] chains are believed to be responsible for the 
observed broad downturn of the magnetic susceptibility at 20K as well as the frequency 
dependence of the peak (Tmax) position and amplitude. Upon cooling the sample below 5K, the 
FM coupling presumably begins to dominate, thus leading to the observed increase in the DC 
magnetic susceptibility.  
VIII-4-Optical and Charge Transport Properties  
The diffuse reflectance infrared absorption spectrum of MnSb2Se4 was recorded at room 
temperature in the range 0.05–0.5eV. The band gap estimated from the absorption 
coefficient/scattering coefficient (α/S) ratio versus energy plot is about 0.32eV, which indicates 
that the compound is a narrow-band gap semiconductor at 300 K (Figure VIII-4B). The observed 
value of the energy gap is comparable to the optical band gap of FeSb2Se4 (Eg = 0.33eV)
25
 and is 
consistent with the black color of the MnSb2Se4 crystals. The temperature dependence of the 
electrical resistivity (ρ) of MnSb2Se4 was measured from 100 to 300K (Figure VIII-4A). At room 
temperature, the electrical resistivity is approximately 8.9Ω.m and slightly increases with 
decreasing temperature down to about 230K. This trend is consistent with the semiconducting 
nature of the compound. The observed large value of the electrical resistivity of MnSb2Se4 at 
300K presumably originates from the quasi-1D nature of the crystal structure in which individual 
[{Mn}Se6] chains parallel to [010] are only weakly interconnected along [100] and [001] 
through long Sb–Se bonds to the 3D network (Figure VIII-2A). The resistivity rises rapidly with 
further decreases in the temperature, and below 180 K, it attained such high values (10 kΩ.m) 
that the noise precluded collection of the data (Figure VIII-4B). The rapid increase in the 
resistivity is similar to the one observed in FeSb2Se4
25
. From the Arrhenius plot (Figure VIII-4B,  
inset), we calculated the band gap value to be 0.52eV. This value is consistent with the observed 
optical band gap, thereby confirming again the semiconducting character of MnSb2Se4 at 300K. 
Figure VIII-4C shows the temperature dependence of the Seebeck coefficient of MnSb2Se4 from 
200 to 300K. Positive values of the Seebeck coefficient were observed in the whole measured 






Figure VIII- 4: Temperature dependence of electronic and thermal charge transport of MnSb2Se4: 
(A) electrical resistivity; (C) Seebeck coefficient; (D) thermal conductivity. The sharp increase in 
the electrical resistivity around 230K is attributed to a semiconductor-to-insulator (SI) transition. 
The inset of (A) shows the plot of ln(ρ) versus 1/2kBT from which the band gap of 0.52eV was 
estimated. (B) Room-temperature diffuse reflectance infrared spectrum of MnSb2Se4 showing a 
narrow optical band gap.   
 
Seebeck data have progressively larger error bars as the temperature decreases due to the noise 
on the Seebeck voltage contacts associated with the rapid rise in electrical resistivity. The 
Seebeck coefficient at 300K is around 950µVK
–1
 and gradually increases with the decreasing 
temperature to a value of about 1050µVK
–1
 at 200 K. The temperature dependence of the total 
thermal conductivity of MnSb2Se4 is shown in Figure VII-4D. Because of the large electrical 
resistivity of MnSb2Se4 in the measured temperature range, the electronic contribution to the 
thermal conductivity (κelc.) is negligible. Therefore, the observed thermal conductivity values 








 (Figure VIII-4D). This low value of the lattice thermal conductivity 
of MnSb2Se4 can be attributed to the combination of low crystal symmetry and complex structure 
and chemical composition with heavy elements such as Sb and Se. The lattice thermal 





 was measured at 90K. The observed increase in the lattice thermal conductivity 
with decreasing temperature is consistent with a gradual freezing of phonon umklapp processes. 
VIII-5-Electronic Structure  
 
Electronic band structure calculations of MnSb2Se4 show a small energy gap of around 0.3eV  a 
narrow window around the Fermi level (EF) (Figure VIII-5A). This value is consistent with the 
observed optical band gap as well as the activation energy near room temperature, thus further 
confirming the room-temperature semiconducting character of MnSb2Se4. The site-projected 
density of states (DOS) for one formula unit of nonmagnetic MnSb2Se4 (Figure VIII-5B), shows 
that the highest-occupied states cross the Fermi level at high density of states, which is attributed 
to Mn
2+
 t2g states. The next occupied bands above EF are formed by Mn
2+
 eg states. The electron 
distribution of the d orbital could be t2g
3












 , thus confirming the 
 
Figure VIII-5. (A) Electronic band structure of MnSb2Se4 near the Fermi energy showing a 
small energy gap of around 0.3eV. (B) Site-projected total density of states (DOS) and partial 
density of states for Mn, Sb, and Se atoms. (B) Crystal orbital Hamiltonian populations 





magnetic effective moment calculated from magnetic-susceptibility data. The large broad bands 
in the energy range from –4 to –1eV are dominated by bonding p states of Sb and Se, whereas 
the bottom of the conduction band is based mainly on empty Mn p orbitals. The analysis of 
bonding interactions between atoms in MnSb2Se4 by using the crystal orbital Hamiltonian 
population (COHP) method
62
showed that the major part of the valence band between –3 and –
1eV is dominated by Mn–Se bonding interactions, whereas at the top of the valence band, Sb–Se 
and Mn–Se interactions dominate the antibonding interactions (Figure VII-5C). The Mn(3)–Se 
interactions contribute more strongly to the covalent bonding than Mn(4)–Se in the energy range 
of –3 to –1eV, and around the Fermi level both Mn(3)–Se and Mn(4)–Se equally contribute to 
the antibonding. Despite the significant antibonding interactions at EF, the compound is stable 
because of the positive values of integrants, –ICOHP (Table VII-4), which predominantly 
emphasize the bonding character of orbitals below EF. Above the Fermi level, all states are 
strongly antibonding, which suggests destabilization of the compound upon atomic substitutions 
by more electron-rich elements if the crystal structure of the phase remained the same. 
Table VIII-4: –ICOHP for the Sb(1), Sb(2), Mn(3), and Mn(4) sites in MnSb2Se4. 
Bond No Bond length -ICOHP 
Mn3-Se2 4 2.721(2) 1.26 
Mn3-Se3 2 2.550(2) 1.86 
Mn4-Se1 2 2.676(2) 1.81 
Mn4-Se4 4 2.702(2) 1.53 
Sb1-Se2 2 3.116(2) 0.21 
Sb1-Se2 1 2.607(2) 2.32 
Sb1-Se3 2 2.731(2) 1.64 




Sb2-Se3 1 3.138(2) 0.22 
Sb2-Se4 1 2.674(2) 1.88 
Sb2-Se4 2 3.093(2) 0.32 
Sb1-Se4 2 3.622(2) 0.01 
 
Conclusion 
A single phase of the monoclinic MnSb2Se4 phase was successfully synthesized by solid-state 
reaction of the elements at 773K and an accurate structural model was proposed by using single-
crystal diffraction data. The compound crystallizes isostructurally with FeSb2Se4 
25
 and exhibits 
Mn/Sb mixed occupancy at the Mn-rich M(2)(2a) site, as well as in all Sb-rich M(1) and M(2) 
positions. Charge-transport data, diffuse reflectance infrared spectroscopy, and electronic 
structure calculations revealed that MnSb2Se4 is a narrow-gap p-type semiconductor with Eg = 
0.32eV and exhibits a sharp increase in the resistivity below 180K. The compound displays a 




 at 300K), melts congruently at 790 K, and is 
thermally stable up to 1000K. DC and AC magnetic-susceptibility measurements and the 
analysis of the geometrical parameters within the [{Mn}Se6] single chains in light of the 
Goodenough–Kanamori rules
58-61
 strongly suggest that MnSb2Se4 is not an ordinary 
antiferromagnet in which all the magnetic spins are antiparallel below TN = 20K. The magnetism 
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Carrier-Induced Switching from Antiferromagnetic to 
Ferromagnetic ordering in p-type MnSb2-xSnxSe4 Semiconductors 
 
Introduction 
There are currently widespread research activities in the fields of solid-state chemistry and solid-
state physics focusing on the integration of semiconducting and magnetic functionalities within 
the same material and the manipulation of one property by the other 
63-65
. Research efforts into 
the correlation between magnetism and transport properties over the past decades have focused 
on III-V and II-VI diluted magnetic semiconductors (DMS’s) and diluted magnetic oxides 
(DMO’s) 
11,66-69
. The motivation for the choice of these material systems is dictated by the 
current structure of most electronics devices and the fact that doping these host materials with a 
transition metal (TM) element will not affect the processing and integration procedures. In 
addition, it was shown that such manipulation of the chemical composition of III-V, II-VI and 
oxide semiconductors leads to new materials with interesting magneto-optic, optoelectronic, 
nonlinear optic and photoelectric properties 
48,70,71
. Long-range FM ordering in DMS and DMO 
compounds is believed to originate from exchange interactions between localized moments and 
spin polarized carriers (holes or electrons). However, the fabrication of practical devices such as 
information storage and processing units, light emitting diodes and detectors
66,68
 based on these 
materials is severely hampered by their low Curie temperature (Tc). Understanding the 
mechanism of magnetic coupling in semiconductors is critically important to improving Tc 
values of DMS and DMOs above 300K. Besides III-V, II-VI and V-VI 
72,73
 DMSs and DMOs, 
magnetic semiconducting chalcogenides (MSC), such as EuS, EuSe and CdCr2Se4 have also 
been investigated 
74-76




thatseveral types of interactions are involved in the magnetic ordering. For instance, one must 
take into account contributions of electronic charge carriers (holes and electrons) in order to fully 
understand magnetic exchange interactions in such materials systems. Over the past two decades, 
significant advances have been made towards the fundamental understanding of the magnetism 
in III-V and II-VI semiconductors doped with Mn atoms. In these systems, the Mn atoms act 
both as an acceptor (providing holes) and as the magnetically active species (providing localized 
magnetic moments) in the semiconducting hosts.  While it is widely accepted that holes in Mn-
doped DMSs mediate the interactions between adjacent magnetic centers (Mn – Mn) in the host 
material to induce ferromagnetism, it is vigorously debated whether holes introduced when Mn 
substitutes for Ga in (Ga,Mn)As reside within the valence band of the host or form an impurity 
band within the band gap of the host material
23
. From the valence band concept, it was predicted 
that Tc increases monotonically with the Mn concentration and the hole density 
8,77-82
. The 
alternative model, which assumes that the holes reside in a Mn derived impurity band, even for 
moderate or high Mn concentrations, also shows that Tc is related to the concentration of Mn and 
the hole density 
67,83-87
. However, a more recent experimental study focusing on a simultaneous 
determination of the fraction of Mn atoms contributing to ferromagnetism and the hole density in 
(Ga,Mn)As suggested that the location of the Fermi level within the impurity band (i.e. the 
degree of hole localization), rather than the hole concentration determines Tc.
23
 These 
contradictory reports underscore the difficulty to fully understand the correlations among 
electronic transport, magnetic ordering, and chemical composition in traditional Mn-doped 
DMSs. This is due to the fact that both the concentration of impurity states (holes) responsible 
for the electrical conduction, and the concentration of localized spins from the half-filled 3d 
Mn
2+
 shells responsible for the ferromagnetism in DMSs, are altered simultaneously when, for 
example, Mn ions substitute for Ga in (Mn,Ga)As. The complexity of the magnetism in DMSs, 
DMOs and MSCs is further increased by the fact that under external applied fields, spin-
polarized electronic charge carriers can cluster into magnetic polarons (local short-range FM 
ordering of polarized itinerant spins) 
88,89,15,90
. In such magnetic systems a discrepancy between 
the experimental and theoretical values of effective magnetic moment is generally observed. For 
example, Co- doped TiO2 exhibits giant magnetic moments of 7.2µB/Co in Co
2+
, while the value 
expected theoretically from the spin-only formula is 3µB in a high spin state
91
. Therefore, to fully 




(1) the nature, concentrations and distribution of the magnetic ions (localized magnetic 
moments), and (2) the fraction of magnetic polarons in the material.  
Low symmetry ternary and quaternary transition-metal chalcogenides have emerged as 
rich playgrounds for independent systematic investigations of electronic transport and magnetic 
exchange interactions in magnetic semiconductors and could enable fundamental understanding 
of correlations between both properties within a single crystal structure  
1,25,30,48,70,71,92,93
. For 
instance, we have recently identified the homologous series of magnetic semiconductors with the 
general formula, M2Pn4SnN-3SeN+5 (Pn = Sb, Bi; M = Mn, Fe; N  3) 
1,25,70,92
. Members of this 
series of compounds adopt closely related structures formed by two distinct building units. In the 
crystal structure (Figure 1), two types of building units, denoted A and B alternate along [001]. 
The unit A is identical for all members of the homologous series and is built of paired rods of 
face-sharing monocapped trigonal prisms around Pn atoms alternating along the a-axis, with a 
single chain of edge-sharing octahedra around the magnetic M atoms. Various members of the 
series can be discriminated by the thickness of the NaCl-type building unit B separating adjacent 
units A, where the thickness of unit B is defined by the number N of edge-sharing octahedra 
running across its diagonal. Therefore, the composition and structure of various members of the 
M2Pn4SnN-3SeN+5 (N  3) series can be derived for each value of N. The first member of the 
series with N = 3 corresponds to the fascinating class of ternary compounds MPn2Q4 (M = Fe, 
Mn; Pn = Sb, Bi; Q = S, Se). Our investigation of the crystal structure, magnetic properties and 







) revealed that, despite the structural similarity of these phases, 
their magnetic behavior is defined by the nature of magnetic atoms within the [MnSe4n+2] chains 
of edge-sharing octahedra (magnetic subunit). For instance, the dominant type of magnetic 
ordering in MPn2Se4 can be tuned from FM 
25
 to AFM 
1,92
 behaviors by altering the nature of the 
transition metal atoms within the [MnSe4n+2] chain from Fe to Mn. Likewise, the dominant 
charge carrier type in MPn2Se4 can be manipulated by altering the composition of the [Pn2Se] 
network (semiconducting subunit) separating adjacent [MSe6] chains in the structure. For 
example, substituting Sb for Bi according to the Pn sites in MPn2Se4 induces drastic change in 




 to n-type for MBi2Se4 
1
. Recently, we showed 
that the dominant AFM ordering in MnBi2Se4 can be switched into weak FM interactions with Tc 




chains) accordingly with the formula Mn1-xSnxBi2Se4.
1
 Here, we demonstrate that by altering the 
hole density within the semiconducting unit through Sb to Sn substitution, and without changing 
the concentration of Mn atoms within the magnetic subunit, the nature of dominant magnetic 
interaction in MnSb2-xSnxSe4 can be switched from the AFM ordering observed in the parent 
compound (x = 0) to FM ordering with Tc ~ 56K for Sn-doped samples with 0.01  x  0.15, 
followed by a reversal to AFM ordering for samples with higher Sn content. This surprising 
alteration in the magnetic behavior of MnSb2-xSnxSe4 compositions is rationalized within the 
context of the formation of various fractions of magnetic polarons due to the change in the hole 
density arising from the Sb to Sn substitutions within the semiconducting unit in the crystal 
structure of MnSb2-xSnxSe4.  
 
IX-1-Experimental Section 
IX-1-1-Powder X-ray Diffraction (PXRD)   
X-ray powder diffraction (X D) data were recorded on a Philips X’Pert system equipped with a 
curved graphite monochromator and Cu K radiation ( = 1.5418 Å). Standard X-ray data were 









IX-1-2-Charge Transport Measurements 
 Electrical resistivity (ρ) and thermopower (S) were measured simultaneously from 300 K to 140 
K. using (1) the standard four-probe method in a Quantum Design Physical Property 
Measurement System (PPMS) and (2) the four-probe longitudinal steady-state technique using a 
liquid 
4
He cryostat. In the latter method, samples were mounted on the cryostat and protected 
from excessive radiation loss by two radiation shields. One end of the sample was attached to a 
heat sink by indium solder. The heat sink was the cold tip of the liquid helium cryostat, and the 
temperature was adjusted using a Lakeshore 340 temperature controller. Heat input to the sample 
was made via a small 350-Ω strain gauge heater attached to the free end of the sample using 
varnish. The heat flow injected by the heater developed a temperature difference ΔT between the 
two points along the length of the sample. Fine copper (Cu) wires were selected as Seebeck / 





Figure-IX 1: A) X-ray diffraction pattern of MnSb2-xSnxSe4 
compared with the theoretical pattern calculated from the single 
crystal structure refinement of MnSb2Se4. B) Relative change in the 
unit cell parameters and volume of MnSb2-xSnxSe4 as a function of Sn 
concentration. 
 
IX-1-3-Magnetic Measurements  
 
DC and AC magnetic 
susceptibility measurements 
were performed on about 40 mg 
– 70 mg of polycrystalline 
MnSb2-xSnxSe4 powder using a 
Superconducting Quantum 
Interference Device (SQUID). 
DC susceptibility data in field 
cooled (FC) and zero field 
cooled (ZFC) modes were 
recorded over a temperature 
range from 2K to 300K with an 
applied magnetic field of 100 
Oe. The AC susceptibility at 
different frequencies was 
collected on the same sample 
used for the DC measurements. 
The applied magnetic field used 
for the AC magnetic 
susceptibility was 0.1 Oe and 
data were collected within the 
temperature range between 5 K 
and 100 K. Field-dependent 
magnetization measurements were performed at 4 K on the samples with x = 0.05, 0.1 and 0.15 








IX-2-Synthesis and Structure 
  
Polycrystalline powders of MnSb2-xSnxSe4 (0 ≤ x ≤ 0.25) were easily obtained from solid-state 
reaction of the elements in appropriate ratios. The single phase nature of the synthesized 
materials was confirmed by comparison of the experimental X-ray powder diffraction pattern of 
various compositions with the theoretical pattern calculated from the single crystal structure 
refinement data of the parent compound (MnSb2Se4). The excellent match between the 
experimental and theoretical patterns (Figure IX-1A) suggests that the synthesized MnSb2-
xSnxSe4 phases are isostructural up to x = 0.25, which corresponds to the substitution of 12.5% 
Sb in the structure of MnSb2Se4 with Sn atoms. A plot of relative variations in the unit cell 
parameters of various MnSb2-xSnxSe4 (0 ≤ x ≤ 0.25) compositions refined using the X-ray 
diffraction patterns (Figure VIII-1B) shows that the c-axis initially expands by  
 
Table IX-1: Cell parameters changes with Sn concentration  
Sn Concentration a(Å) b(Å) c(Å) β(°) V(Å
3
) 
0 13.2507 3.9638 15.3723 115.1594 734.905 
0.01 13.2572 3.9647 15.4748 116.0931 734.255 
0.05 13.2253 3.9830 15.4730 116.0871 733.746 
0.10 13.3088 3.9658 15.4061 115.9346 731.235 
0.15 13.3184 3.9642 15.5516 116.0314 731.211 
0.20 13.2665 3.9734 15.1602 115.4437 721.635 
0.25 13.2584 3.9755 15.1027 115.344 719.439 
 
~0.5% for compositions with 0.01 ≤ x ≤ 0.15 and contracts drastically with further increase in Sn 
content (See Table IX-1). A similar trend is observed for the change in the beta angle. However, 
the a-axis marginally expands with increasing Sn content, while the b-axis remains nearly 




perturbation of the c-axis resulted in a nearly constant unit cell volume up to 7.5% Sn 
substitution at Sb sites (x = 0.15) followed by a drastic (∆V/V  2%) contraction for higher Sn 
content. On one hand, the initial expansion of the c-axis can be explained by assuming a 
substitution of the small Sb
3+
 (ionic radius: 76 pm in six-fold coordination) ions by large Sn
2+
 
(ionic radius: 93 pm in six-fold coordination 
52,96
) ions in the structure of MnSb2-xSnxSe4. 
However, this cannot explain the sharp contraction of the c-axis observed for compositions with 




 should result in a gradual increase of 
the c-axis rather than the observed constant ~0.5% expansion for compositions with x ranging 
from 0.01 to 0.15. On the other hand, a substitution between Sb
3+
 (ionic radius: 76 pm in six-fold 
coordination) ions and a smaller Sn
4+
 (ionic radius: 69 pm in six-fold coordination
52,96
) should 
lead to a contraction in all unit cell parameters rather than the observed expansion of the c-axis 
and marginal increase in the a-axis. These contradictions suggest that the observed changes in 
the unit cell parameters are not solely due to the one-to-one substitution between Sb and Sn in 
the structure of MnSb2-xSnxSe4. Instead, one possible rationalization of the unusual trend in the 
variation of unit cell parameters can be obtained by taking into account the stereoactivity of the 
Sb electron “lone pair”. In the crystal structure of MnSb2Se4 (Figure IX-1), the orientation of the 
Sb electron lone pair (along the c-axis) results in large separation between adjacent layers 




, the anticipated 
contraction in the unit cell volume is presumably minimized by the stereoactivity of the Sb 
electron “lone pair” which opposes any attempt of the c-axis to contract. However, the 
stereoactivity of the Sb electron “lone pair” presumably vanishes for Sn content above 7.5% (x = 













IX-3-Electronic transport properties   
To probe the effect of Sn for Sb substitutions on the electronic transport properties of MnSb2-
xSnxSe4 samples, we have measured the electrical conductivity and thermopower in the 
temperature range from 300 K to 140 
K (Figure IX-3). Regardless of the 
Sn content, the electrical resistivity 
of various samples increases with 
decreasing temperature, suggesting 
intrinsic semiconducting behavior for 
all samples. However, a sharp 
increase in the slope is observed in 
the resistivity curves of various 
samples, and the onset temperature of 
such transitions increases from 200 K 
for x = 0 to 250 K for x = 0.15 
(Figure IX-3A). For each 
composition, the electrical resistivity 
increases (within a narrow 
temperature window) by several 
orders of magnitude upon further 
cooling below the onset temperature 
and reaches values as high as 510
6
 
 . cm at 180 K for the composition 
with x = 0.25. Although the origin of 
the observed sudden increase in the electrical resistivity of MnSb2-xSnxSe4 compositions upon 
cooling is still unclear, a plausible explanation can be offered by taking into account interactions 
between spins of itinerant carriers (holes or electrons) and localized moments within the 
magnetic subunit. As the temperature decreases, magnetic exchange interactions between 
delocalized carriers (holes) and magnetic centers (Mn ions) presumably lead to the polarization 
of itinerant carrier-spins and a significant reduction of their mobility due to increased spin-
scattering interactions. Alternatively, one can also envision the localization at low temperature of 
 
Figure-IX -2 : Temperature dependence of the electrical resistivity 









a significant fraction of spin-polarized itinerant holes due to strong AFM coupling with localized 
moments on magnetic centers (Mn ions) 
17,97
. Both mechanisms (reduction of the carrier mobility 
or decrease in carrier density due to carrier localization) are consistent with the observed large 
increase in the electrical resistivity. The fits of the resistivity plots using the Arrhenius law 
suggest an increase in the electronic band gap of MnSb2-xSnxSe4 compositions from 0.52 eV for 
x = 0 to 0.63 eV for x = 0.1. These values along with the measured optical band gap of 0.32 eV 
for x = 0 indicate that MnSb2-xSnxSe4 compositions are narrow band gap semiconductors. In 
addition, the increase in the electronic band gap upon Sn doping is also consistent with the 
gradual increase in the onset temperature 
of the sharp increase in the resistivity 
curves.  
Regardless of the temperature, 
the electrical resistivity of MnSb2-
xSnxSe4 samples is surprisingly higher 
than that of the unsubstituted MnSb2Se4 
phase. This general trend is contradictory 
to the increase in the hole density 





 and is more in agreement with a 
reduction in the overall hole density in the p-type MnSb2Se4 
92
.  One possible explanation of the 
drop in hole density can be obtained by considering that Sn
2+
 ions substituting for Sb
3+
 formed 
impurity bands of acceptor states within the band gap of the parent compound rather than 
creating an additional hole within the valence band (VB) of MnSb2Se4. Within this band picture, 
a large excess of electrons is generated within the VB of the p-type MnSb2Se4 resulting in 
reduction of hole density at very low temperature through electron-hole compensation processes. 
Upon increasing the temperature, thermal excitation of excess electrons from the VB to the Sn
2+
 
acceptor states within the band gap result in gradual increase in the hole density within the VB 
leading to sharp drop of the resistivity. However, the increase in the thermopower and the 
resistivity with increasing Sn content at a given temperature, suggest that thermal excitation (up 
to 300K) is not sufficient to promote all excess electrons generated within the VB of MnSb2Se4 
to the Sn
2+
 impurity bands leading to a decrease in the overall hole density. One can therefore 
 
Figure-IX 3: Proposed band diagram for the 






speculate that upon increasing the Sn content, high concentration of acceptor states are generated 
at increasing higher energy within the band gap of MnSb2Se4 leading to an increase in the 
activation energy (Ea) necessary to promote excess electrons from the VB to the impurity band 
(Figure IX-3).  
An alternatively, such decrease in the density of holes can be understood if one assumes 
that Sb
3+
 in the structure of MnSb2-xSnxSe4 is replaced by Sn
4+
. Within this picture, the added Sn 
atoms act as donor impurities dumping extra electrons to the conduction band of the p-type 
MnSb2-xSnxSe4 semiconductor. However, a careful examination of the electrical resistivity 
curves of the various MnSb2-xSnxSe4 samples shows irregular change with increasing Sn 
concentration. For example, a marginal decrease in the resistivity is observed when the Sn 
content increases from x = 0.01 to x = 0.05 or from x = 0.15 to x = 0.25. Such irregularities in the 
electrical resistivity of MnSb2-xSnxSe4 samples suggest that the one-to-one substitution of Sb by 
Sn in the solid-state reaction leading to the formation of “MnSb2-xSnxSe4” follows two 
competing reaction paths (1), and (2), leading to the generation of both holes and electrons in the 














  (2) 
However, the observed higher resistivity of all Sn-doped samples when compared to MnSb2Se4 
suggest that the reaction path (1) leading to the formation of Sn
2+
 impurity band within the band 
gap likely coexist  with the reaction path (2) leading to the formation of Sn
4+
. At 300K, the 
electrical resistivity increases from 9 .cm for the parent compound (x = 0) to 14 .cm and 35 
.cm for x = 0.01 and x = 0.1, respectively. Further increasing the Sn content to x = 0.15 resulted 
in a sharper rise of the electrical resistivity to 1.410
5
  .cm at 300 K.  
Figure IX-2B shows the temperature dependent thermopower plots of selected MnSb2-
xSnxSe4 samples (x = 0, 0.01, 0.05 and 0.1). All samples show positive thermopower values 
indicating p-type semiconducting behavior in the measured temperature range. Regardless of 
temperature, the thermopower values remained nearly constant for Sn content up to x = 0.01, 
slightly decreased for the composition with x = 0.05, and drastically increased for the 
composition with x = 0.1. The Seebeck coefficient measurement of all samples with higher Sn 




observed increase in the electrical resistivity and thermopower with increasing Sn substitution 
suggests that the one-to-one substitution of Sb by Sn in MnSb2-xSnxSe4 tends to reduce the 
overall density of holes in the parent structure through electron-hole compensation processes.  
IX-4-Magnetic properties 
To probe the effect of changes in the effective hole density arising from the Sn to Sb substitution 
on the magnetic behavior of the MnSb2-xSnxSe4 compounds, we measured the temperature 
dependence of both the ZFC and FC molar susceptibilities of several samples with different Sn 
concentrations under 100 Oe applied field (Figure IX-4A). In the crystal structure of the MnSb2-
xSnxSe4 phases, the magnetic atoms (Mn) are essentially located within the magnetically quasi-
isolated MnnSe4n+2 single chains of edge-sharing octahedra, which are 6.998(2) Å and 7.668(2) Å 
apart (Figure VIII-1). Therefore, the magnetic behavior of the MnSb2-xSnxSe4 phases is likely 
dominated by the intra-chain magnetic exchange interactions.  
 
Table IX-2: Curie constant, Weiss constant and the effective magnetic moments extracted from 
the linear fits of the inverse susceptibility data of MnSb2-xSnxSe4.  




Weiss Constant (K) Effective Magnetic 
Moment (µB) 
x= 0.0 5.48 74 5.82 
x=0.01 5.66 41 6.73 
x=0.05 5.03 0.9 6.34 
x=0.1 4.96 8.8 6.30 
x=0.15 4.01 1.2 5.66 
x=0.20 5.67 102 6.59 
x=0.25 7.89 99 7.94 
 
Temperature dependent magnetic susceptibility data for the Sn-free composition (MnSb2Se4)
92
 
features a broad downturn at TN = 20 K, suggesting AFM exchange interactions between 
localized spins on the nearest neighboring Mn atoms within individual MnnSe4n+2 single 
magnetic chains (Figure IX-4A). The linear fit of the inverse susceptibility between 120 K and 




calculated effective magnetic moment of eff(calc)= 5.82B (Table IX-2) was slightly smaller than 




) in  the high-spin configuration. 
Upon Sn doping at the Sb sites in the structure of the MnSb2-xSnxSe4 phases, a marginal 
alteration in the magnitude of the molar susceptibilities is observed between 300 K and 56 K for 
various Sn concentrations. However, the magnetic susceptibilities for all samples gradually 
increase with decreasing temperature from 300 K to 56 K. Surprisingly, further cooling below 56 
K revealed a drastic variation in the temperature dependent magnetic susceptibilities of Sn-doped 
samples. For instance, a noticeable increase in the magnitude of the magnetic susceptibility is 
observed below 56 K for the composition with x = 0.01 when compared to that of the Sn-free 
sample. A drastic increase in the magnitude of the susceptibility is observed for Sn 
concentrations ranging from x = 0.05 to x = 0.15, with the largest susceptibility values observed 
for the sample containing 2.5% Sn (x = 0.05). The sudden increase in the susceptibility values 
between 56 K and 40 K for the compositions with x = 0.01, 0.05, 0.1 and 0.15 is associated with 
the onset of local FM ordering in the samples. Below 40 K, the slope of the susceptibility curves 
drop suggesting a competition between the local FM ordering and the intrinsic AFM 
surperexchange interaction within the MnnSe4n+2 single magnetic chains (Figures IX-4A). 
Interestingly, the FM ordering observed in samples with low Sn concentrations (0.01  x  0.15) 
vanishes in samples with higher Sn content (x  0.15) and a drastic drop in the susceptibility is 




The temperature dependent inverse susceptibility data between 120 K and 300 K for all 
Sn-doped samples follow the Curie-
Weiss law. The Weiss and Curie 
constants, as well as the effective 
magnetic moments extracted from 
the linear fits of the inverse 
susceptibility data, are shown in 
Table IX-2. Smaller Weiss constant 
values (compared to the Sn-free 
sample) and effective magnetic 
moments larger than the theoretical 





) were observed for 
samples with x = 0.01, 0.05, 0.1 and 
0.15 (Table IX-2).   
Furthermore, isothermal field 
dependence of the magnetization 
performed at 4K in the 0-5 kOe 
range (Figure IX-4B) showed 
magnetic hysteresis with a coercive 
field, Hc = 150 Oe. However, 
saturation of the magnetization was 
not observed up to an applied field 
of 10 kOe. These results further 
confirmed that at the optimum Sn 
concentration, the MnSb2-xSnxSe4  
phases retain a small FM character at low temperatures, despite the competing intrinsic intra-
chain AFM interactions. Samples with Sn content above x = 0.15 showed larger negative Weiss 
constants and larger effective magnetic moments when compared to the pristine composition. 
This suggests that local FM ordering in these samples (x > 0.15) are likely dominated by the 
strong AFM exchange interactions within individual MnnSe4n+2 single magnetic chain.  
 
Figure-IX 4: A) Temperature dependence of the zero-
field-cooled (ZFC) molar magnetic susceptibility of 
MnSb2-xSnxSe4 (0  x  0.25) measured under applied 
field of 100Oe. The inset is the corresponding field-
cooled (FC) magnetic susceptibility within the 
temperature range 2K-100K. B) Field dependent 
magnetization at 4K of selected MnSb2-xSnxSe4 (x = 0.05; 
0.1; 0.15) compositions showing broad hysteresis loops 








To further probe the nature of the FM ordering in the MnSb2-xSnxSe4 phases (x = 0.01, 
0.05, 0.15 and 0.25), we performed temperature dependent alternating current (AC) susceptibility 
at different frequencies under an applied field of 0.1 Oe.  Figure IX-5 shows the temperature 
dependence of the in-phase part (χʹ) of the AC susceptibility of samples with different 
compositions under various frequencies. It was observed that the AC susceptibility (χʹ) for most 
samples (except the composition with x = 0.01) is frequency independent. For the composition 
with x = 0.01, χʹ gradually increases with decreasing temperature and exhibits two distinct peaks 
at 76 K and 21 K (Figure IX-5A). The sharp peak observed around 76 K for this particular 
sample appears only when frequencies between 750 Hz and 1000 Hz are used and suggests the 
presence of a frustrated FM ordering presumably from spin polarized itinerant carriers. The peak 
around 21 K, however, can be associated with magnetic frustration arising from the competition 
between AFM ordering within individual MnnSe4n+2 single magnetic chains and weak FM 
ordering of spin-polarized itinerant carriers in the compound. For the compositions with x = 0.05 
and x = 0.15, the shape of the temperature dependent in-phase susceptibility curves (Figure IX-5 
B and C) are very similar to the corresponding ZFC DC susceptibility curves (Figure IX-5A). 
The sharp increase in the in-phase AC susceptibility observed at 56 K indicates onset of FM 
ordering in the samples (x = 0.05 and x = 0.15). However, the in-phase AC susceptibility curves 
feature a broad downturn between 45 K and 15 K, which is followed by a steeper drop in the 
susceptibility upon further cooling. The broad downturn in the AC susceptibility curves suggests 
a competition between the FM ordering observed at 56 K and the intrinsic AFM ordering within 
the MnnSe4n+2 single magnetic chains. Below 15 K, this competition is dominated by the intra-
chain AFM ordering leading to a sharp drop in the magnetic susceptibility. For the composition 
with x = 0.15, a frequency independent and nearly linear increase in the in-phase AC 
susceptibility with decreasing temperature was observed (Figure IX-5D), suggesting the absence 
of any magnetic ordering at this composition. However, the large negative values of the Weiss 
constant (Table IX-2) suggest the presence of strong AFM interactions in MnSb2-xSnxSe4 








Figure-IX 5: Temperature dependence of the in phase component of the AC magnetic 
susceptibility for selected MnSb2-xSnxSe4 compositions measured at various frequencies (from 500 







The above magnetic data clearly indicate that the dominant magnetic ordering in various 
MnSb2-xSnxSe4 phases strongly depends on the fraction of Sn atoms in the compound. Starting 
from the AFM MnSb2Se4 phase, it was found that FM ordering with Tc = 56 K can be induced 
through partial isomorphic substitution of up to 7.5 % (0.01  x  0.15) Sn at Sb sites in the  
structure of MnSb2Se4. Interestingly, this FM ordering vanishes upon further increase of the Sn 
content above 7.5 %. Although the complete mechanism leading to the drastic changes that 
govern the magnetic ordering in MnSb2-xSnxSe4 is not fully understood, a plausible explanation 




this system upon isomorphic substitution of Sn at Sb sites. As stated above, the magnetism in the 
structure of the p-type semiconductor MnSb2Se4 is controlled by the magnetic interactions within 
the quasi-isolated magnetic subunits, MnnSe4n+2, which consist of single chains formed by edge 
sharing octahedra of Se atoms around a Mn atom. Therefore, a Sn substitution at Sb sites in the 
MnSb2-xSnxSe4 phases is not expected to alter the dominant AFM magnetic exchange 
interactions between Mn ions within the MnnSe4n+2 magnetic subunits. However, an alteration of 
the electronic property (density and/or mobility of the majority charge carriers) is anticipated. 
The change in the electronic properties of MnSb2-xSnxSe4 is evident from the temperature 
dependent electrical resistivity and thermopower data (Figure IX-2). As discussed above, the 
substitution of Sb by Sn in MnSb2Se4 preferentially introduces additional electrons into the 
valence band of the p-type MnSb2Se4 system leading to a net reduction in the overall density of 
holes and an increase in the electrical resistivity. Furthermore, in the absence of an applied 
magnetic field, the large increase in the electrical resistivity (Figure IX-2A) as the temperature 
approaches the AFM ordering temperature was associated with (1) a sharp drop in hole mobility 
due to increased spin scattering arising from the interaction between localized magnetic moments 
on Mn ions and spins of itinerant holes and (2) a decrease in the effective hole density due to the 
freezing of extra free-electrons within the VB of MnSb2Se4 resulting in electron-hole 
compensation, and the localization of a small fraction of spin-polarized holes at sufficiently low 
temperatures. Within this picture, one can anticipate, under the application of an external 
magnetic field the formation of bound magnetic polarons (BMP) 
17,98
. That is the clustering of a 
large number of spin-polarized itinerant holes around localized spin-polarized free-electrons or 
holes via AFM exchange interactions. The size of such BMPs grows with decreasing 
temperature, and the overlap of neighboring BMPs presumably results in parallel alignment (FM 
ordering) of spin polarized holes at the intersection of their magnetic field 
17,98
. The above 
analysis is consistent with findings from dynamical mean field theory calculations, which 
showed that holes in FM Ga1-xMnxAs (x = 0.03 – 0.07) are likely just on the edge of being 
strongly localized 
99
. The final size of BMPs and the magnitude of the magnetic moments 
originating from the interactions of neighboring BMPs are related to the fraction of spin-
polarized itinerant holes, which in turn depends on the Sn content. At optimal Sn content (0.01  
x  0.15), the magnetic moment from BMPs dominates the intrinsic AFM ordering within the 




range, the maximum susceptibility was observed for the composition with x = 0.05. Further 
increase in the Sn content resulted in lower susceptibility values due to the reduction in the 
effective density of spin-polarized itinerant holes. For compositions with higher Sn content (x > 
0.15), the density of spin-polarized holes is significantly reduced due to a large drop in the 
density of holes. This presumably results in small and non-overlapping BMPs with 
predominantly AFM exchange interactions between them (Figure IX-4A).  
Conclusion 
In summary, we have systematically investigated the correlation between the electronic transport 
properties and the predominant magnetic ordering mechanism in p-type Sn-doped MnSb2-
xSnxSe4 phases.  We found that the partial substitution of Sb by Sn in the structure of MnSb2Se4 
results in an increase in the electrical resistivity and thermopower, which is associated with a 
decrease in the overall density of holes. For optimum Sn concentration (0.01  x  0.15), a FM 
ordering with a Curie temperature Tc = 56 K appears in the samples. The maximum magnetic 
susceptibility below Tc in such FM samples is reached for the composition with x = 0.05, and the 
susceptibility gradually degrades with increasing Sn content. The FM ordering completely 
vanishes for compositions with Sn concentration exceeding x = 0.15. Interestingly, the Curie 
transition temperature remains constant within the composition range of FM ordering. This is 
consistent with a recent study of ferromagnetism in Mn-doped (Ga,Mn)As, which suggested that 
the Tc is controlled by the location of the Fermi level within the impurity band, rather than the 
hole concentration.
23
The observed remarkable alteration of the dominant magnetic ordering in 
MnSb2-xSnxSe4 phases from AFM to FM and back to AFM upon increasing Sn concentration is 
rationalized within the context of spin polarization and partial localization of itinerant holes, 
ultimately leading to the formation of BMPs at low temperatures. For optimum density of holes 
(0.01  x  0.15), neighboring BMPs overlap and interact with each other via shared spin-
polarized holes. This interaction produces alignment of the polaron spins, and FM ordering 
occurs when sufficiently large polarons are formed and overlap. For compositions with high Sn 
content (x>0.15), the drastic decrease in the density of spin-polarized itinerant holes results in the 
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General Conclusions and Future works 
 
This dissertation work is to chemically design and synthesize new ferromagnetic semiconductor 
with low band gap and high Curie temperature. Our hypothesis was to design using bottom-up 
approach, a simple system embedding well ordered active magnetic center within the 
semiconducting framework based on chalcogenide chemistry insight. We successfully 
synthesized several systems with various magnetic and transport properties. In this dissertation 
we have reported the crystal structure and effect of thermal processing on the structure, magnetic 
properties, electrical properties, magneto transport and some thermoelectric properties of 
FeSb2Se4 and MnSb2Se4 which were found to be the simplest system in term of structure and  
number of atoms within the crystallographic unit cell. 
FeSb2Se4 is reported as the new chemical compound displaying very high ferromagnetic ordering 
temperature in low band gap semiconducting framework with a remarkable interplay between 
reversible magnetic ordering phenomena and semiconductor-to-insulator (SI) transition upon 
cooling down to 120K. The observed cooperative magnetic and SI transitions in FeSb2Se4 are 
driven by local isostructural distortions arising from the preferential lattice contraction within the 
ab plane. Upon heating this material from 300K to 350K, a striking change along the a-axis of 
the crystal structure was observed. The a-axis drastically expands from 13.083(3)Å at 300K to 





Further heating the same material up to 400K results to in a change of a-axis to 27.543(6)Å and 
c-axis to 26.22(5)Å while β sharply decreases to 90.72(3)
o




from C 2 /m at 350K to C 1/c 1. These structural phase-changes are associated with the magnetic 
phase transitions observed at 323K and 450K, respectively. We anticipate that such structure-
property relation is governed by the lone pair activity connecting A/B layer structure of this 
compound.  The cooperative transition in this compound, to our knowledge, has no precedent in 
pure inorganic materials and represents a significant increase in the level of complexity with 
respect to known phase transitions. The neutron diffraction data and the Arrott`s plots revealed 
ferromagnetic ordering up to 600K. This ferromagnetic behavior was found to originate from 
long range exchange interaction via localized carrier forming bound magnetic polarons at low 
temperature and spin-polarized electrons at high temperature. We have texted the sensitivity of 
FeSb2Se4 to impurities and the effect of these impurities on its magnetic and transport properties. 
We started by doping this material with Sn and generated a series of compositions with general 
formula FeSb2-xSnxSe4 (0≤ x ≤ 0.25). All composition using  this manipulation adopt the 
FeSb2Se4 structure. The magnetic and electrical properties show strongly alteration with 
increasing concentration of Sn. In fact, upon doping with Sn, all magnetic parameters such as the 
magnetization saturation, coercivity and remanence were altered while the material switches 
from semiconductor to metallic like behavior with increasing amount of Sn.   Further 
investigation using X-ray photoelectron spectroscopy revealed that adding Sn into FeSb2Se4 








. This is 
consistent with the change from semiconductor to metallic behavior with increasing 
concentration of Sn. The loss of structurally induced transitions at 130K, 321K and 440K with 
increasing concentration confirm the effect and role of Sb lone pair in the process of structurally 
driven properties in FeSb2Se4. Long range exchange interaction persisted with increasing amount 
of Sn as suggested the field dependent magnetization of the highest doped composition which 
showed hysteresis up to 600K. X-ray photoelectron spectroscopy confirmed that the long range 
exchange interaction is the results of spin polarized hole or electron at impurities band edge of 
FeSb2Se4.  
Although FeSb2Se4 showed interesting magnetic properties and strong spin dependent transport, 
the very low electrical conductivity of this material could limit its application. We attempt to 
solve this issue by either doped the parent compound with Te or proceed to the substitution of Se 
with Te to generated two series of materials: FeSb2Se4-xTex(0≤ x ≤ 0.1) and FeSb2Se4-xTex (1≤ x 




composition, the electrical conductivity were not significantly enhanced and decreases with 
increasing concentration of Te.  Upon substitution of Se with Te, the structure deviated from 
monoclinic to the high tetragonal crystal symmetry. However, electrical and magnetic properties 
were significantly altered with striking enhancement of the electrical conductivity with Se free 
sample. Both series shows spin dependent transport phenomena and exhibit increasing 
magnetization with increasing amount of Te above room temperature.   
 MnSb2Se4 is an antiferromagnetic semiconductor with Neel temperature of 21K and Curie-
Weiss constant of -73K. The effective magnetic moment of 5.93μB observed in this compound 
suggests the presence of manganese in the oxidation Mn
2+
. This compound is   isostructural with 
FeSb2Se4 exhibit spin glass magnetic disorder as result of competing FM and AFM exchange 
interaction in the magnetic chains along the b-axis of the crystal structure. We found that the
 
Figure X- 1: Comparison of FeSb2-xSe4 with wide band gap 
ferromagnetic semiconductor predicted by Dietl et al. This show we 
successfully provided new compound with high Curie temperature and 






partial substitution of Sb by Sn in the structure of MnSb2Se4 results in an increase in the 
electrical resistivity and thermopower, which is associated with a decrease in the overall density 
of holes. For optimum Sn concentration (0.01  x  0.15), a FM ordering with a Curie 
temperature Tc = 56 K appears in the samples. The maximum magnetic susceptibility below Tc in 
such FM samples is reached for the composition with x = 0.05, and the susceptibility gradually 
degrades with increasing Sn content. The FM ordering completely vanishes for compositions 
with Sn concentration exceeding x = 0.15. Interestingly, the Curie transition temperature remains 
constant within the composition range of FM ordering. This is consistent with a recent study of 
ferromagnetism in Mn-doped (Ga,Mn)As, which suggested that the Tc is controlled by the 
location of the Fermi level within the impurity band, rather than the hole concentration. The 
observed remarkable alteration of the dominant magnetic ordering in MnSb2-xSnxSe4 phases from 
AFM to FM and back to AFM upon increasing Sn concentration is rationalized within the 
context of spin polarization and partial localization of itinerant holes, ultimately leading to the 
formation of BMPs at low temperatures. For optimum density of holes (0.01  x  0.15), 
neighboring BMPs overlap and interact with each other via shared spin-polarized holes. This 
interaction produces alignment of the polaron spins, and FM ordering occurs when sufficiently 
large polarons are formed and overlap.  
This work demonstrates that a single spintronics material can combine both low band gap and 
high Curie ferromagnetic temperature (Figure X). The requirements of large Tc, small band gap 
and conductance matching are better realized in the FeSb2-xSnxSe4 and FeSb2Se4-xTex material 
system. Therefore these material and mainly FeSb2Se4 are anticipated as template for 
understanding of band structure of magnetic semiconductor with high Curie temperature and low 
band gap. This will open field bang gap engineering of commercial semiconductor when doping 
them with transition metal such as Mn, Fe, Co and Ni. Therefore, our recommendations in the 
future direction of spintronics studies are: 
 To experimentally and theoretically investigate the band structure of FeSb2Se4 and other 
ferromagnetic ternary chalcogenides with high Curie temperature. In addition to this extend the 
studies on the magnetic semiconductor with low Curie temperature and system with 




Fermi level, spin of the magnetic moment, the impurities and band structure organization and 
effect in the magnetic and semiconducting behavior. 
 To initiate the growth of large crystals for anisotropy investigation of various properties 
present in the MnSb2Se4, FeSb2Se4 and FeSb2Se4-xTex. This will enable the knowledge of the 
favorable direction when embedding this system into devices. Furthermore development of the 
n-type analogue of FeSb2Se4 which is under process in our group will enable devices with 
alternated of n-p-type ferromagnetic semiconductor. 
 To investigate the correlation between the spintronics and thermoelectric properties in 
FeSb2Se4-xTex and the effect of effect thermoelectric properties optimization on the magnetic 
behavior of the sample.  
 To explore other chalcogenide materials using the same approach as used to design 
FeSb2Se4 and MnSb2Se4 system and if possible extend it to rare earth transition metal.  
  


















Tables of geometrical information 
 
Annex I: MnSb2Se4 
Atomic parameters 




















































0.15481(8) -1/2 0.05320(7) 
  
Selected geometric informations 




















































































































































































































































































































































































































































(i) 0.5-x, -0.5-y, -z; (ii) x, 1+y, z; (iii) 1.5-x, -1.5-y, 1-z; (iv) 1-x, -1-y, -z;  
(v) 0.5-x, -1.5-y, -z; (vi) 0.5+x, 0.5+y, z; (vii) 0.5+x, -0.5+y, z; (viii) 1.5-x, -2.5-y, 
1-z;  
(ix) -0.5+x, 0.5+y, z; (x) 1-x, -2-y, 1-z; (xi) 1-x, -1-y, 1-z; (xii) x, -1+y, z;  
(xiii) -0.5+x, -0.5+y, z. 
 
 
Annex II:   FeSb2Se4 at 120K 
Atomic parameters 


























































0.65467(4) 0 0.05346(4 
 
 
Selected geometric informations 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































(i) 0.5-x, -0.5-y, 1-z; (ii) 0.5-x, 0.5-y, 1-z; (iii) x, -1+y, z; (iv) 1-x, -y, -z;  
(v) 0.5+x, 0.5+y, z; (vi) 0.5+x, -0.5+y, z; (vii) -0.5+x, -0.5+y, z; (viii) -0.5+x, 0.5+y, z;  
(ix) -x, -y, 1-z; (x) x, 1+y, z; (xi) -x, 1-y, 1-z; (xii) 0.5-x, -0.5-y, -z;  
(xiii) 0.5-x, 0.5-y, -z; (xiv) -x, -y, -z. 
 
 
Annex III : FeSb2Se4 (300K) 
Atomic parameters 
Atom Ox. Wyck. Site S.O.F. x/a y/b z/c 
 
Sb1 3 4i m 0.9581 0.27358(5) 0 0.63349(5) 
  
Fe1 2 4i m 0.0419 0.27358(5) 0 0.63349(5) 
  
Sb2 3 4i m 0.964 0.35477(6) 0 0.12596(5) 
  
Fe2 2 4i m 0.036 0.35477(6) 0 0.12596(5) 
  
Fe3 2 2d 2/m 
 
0 1/2 1/2 
  
Sb3 3 2a 2/m 0.157 0 0 0 
  
Fe4 2 2a 2/m 0.843 0 0 0 
  
Se1 -2 4i m 
 
0.01165(8) 0 0.18038(7) 
  
Se2 -2 4i m 
 
0.11446(7) 0 0.45747(6) 
  
Se3 -2 4i m 
 
0.34488(8) 0 0.32747(7) 
  
Se4 -2 4i m 
 





Selected geometric informations 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































(i) 0.5-x, -0.5-y, 1-z; (ii) 0.5-x, 0.5-y, 1-z; (iii) x, -1+y, z; (iv) 1-x, -y, -z;  
(v) 0.5+x, 0.5+y, z; (vi) 0.5+x, -0.5+y, z; (vii) -0.5+x, -0.5+y, z; (viii) -0.5+x, 0.5+y, z;  
(ix) -x, -y, 1-z; (x) x, 1+y, z; (xi) -x, 1-y, 1-z; (xii) -x, -y, -z;  
(xiii) 0.5-x, -0.5-y, -z; (xiv) 0.5-x, 0.5-y, -z. 
 
 






















































0.15487(4) 0 0.17353(3) 
 
 
Selected geometric informations 


























































































































































































































(i) x, -1+y, z; (ii) 0.5-x, 0.5-y, -z; (iii) x, 1+y, z; (iv) -x, 1-y, 1-z;  
(v) -x, -y, 1-z; (vi) 0.5+x, 0.5+y, z; (vii) 1-x, 1-y, -z; (viii) 1-x, -y, -z;  
(ix) -0.5+x, -0.5+y, z. 
 
 
Annex V:Fe0.87Sb2Sn0.13Se4  (300K) 
Atomic parameters 















0.11483(4) 0 0.45874(3) 
Fe4 
 
2a 2/m 0.734 0 0 0 
Sn4 
 
























Selected geometric informations 











































































































































































































































































(i) 0.5-x, 0.5-y, -z; (ii) x, -1+y, z; (iii) 0.5-x, 0.5-y, 1-z; (iv) x, 1+y, z;  
(v) -0.5+x, -0.5+y, z; (vi) -x, -y, -z; (vii) -x, 1-y, -z; (viii) 0.5+x, 0.5+y, z;  
(ix) 0.5+x, -0.5+y, z; (x) -0.5+x, 0.5+y, z; (xi) -x, -y, 1-z; (xii) -x, 1-y, 1-z. 
 
 


















































































































































Selected geometric informations 






























Sb4—Se1 2.642(14) Se9—Sb1 2.687(11) 















































































































































































































































































































































































































































































Fe2|Sn2—Se7—Sb3 172.7(5) Se5—Fe2|Sn2—Se6 178.5(12) 












 172.7(5) Se5—Fe2|Sn2—Se7 92.7(7) 
Fe2|Sn2—Se7—Sb3
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(i) x, -1+y, z; (ii) x, 1+y, z; (iii) x, -2+y, -1+z; (iv) x, -1+y, -1+z;  
(v) x, 2+y, 1+z; (vi) x, 1+y, 1+z; (vii) -x, -y, -z; (viii) -x, 1-y, -z;  
(ix) -x, -3-y, -1-z; (x) -x, -2-y, -1-z. 
 
Annex:V : 400K 
Atomic parameters 




















0.06758(5) 1.0009(4) -0.10357(5) 
Fe5 
 
8f 1 0.78 0.25028(9) 1.9795(5) 0.12872(6) 
Sn5 
 
























































Selected geometric informations 































































































































































































































































































































































(i) x, -1+y, z; (ii) x, 1+y, z; (iii) -x, y, 0.5-z; (iv) -x, -1+y, 0.5-z;  
(v) -x, -y, 1-z; (vi) -x, 1-y, 1-z; (vii) -0.5+x, 0.5+y, z; (viii) 0.5+x, -0.5+y, z;  
(ix) 0.5-x, -0.5+y, 0.5-z; (x) 0.5-x, 0.5+y, 0.5-z; (xi) x, -y, -0.5+z; (xii) 0.5-x, 0.5-y, 1-z;  
(xiii) x, 1-y, -0.5+z. 
 
 
